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(30) v - v 2 (e - ppled + 5
The implementation of this employs the dimensionless graph

2
4nKh = =\ _ | p:c. ID
(31) AP, = au (v - wo) = - Ei( % )

D

as

2
AP versus r = ¢ ucr /Kt

D
as shown in Figure 7.

The step-by-step process is as follows:

Step 1

In field units, defined below, calculate the value of

Kh -3 G'4
(32) AP 3720 6an (0.052(pm pB)d + 3.33 x 10 5 )

using 8.6 1lb/gal for O’ 8.4 1b/gal for rgs 10 1b/100 ft® for G', 11 inches

for D, and design values for all other parameters.
Step 2
Draw a horizontal line at this value of APD on the graph of Figure 7 and read

off the value of rD at the intersection of this line and the curve. This

defines a value of rD where

(33) rp = J ¢ouch/Kt

Step 3

Using the numerical value of r, found in Step 2 compute the initial estimate

for r by solving Eq.(33) for r

(34) T =1p -.[i.Bth/¢ouc
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along with design values for other parameters. This is the preliminary
radius of investigation. Here the symbols and units are:

q = injection rate (gpm)
¢, = injection zone porosity (fraction)
u = brine viscosity (cp)

-1
¢ = effective rock/fluid compressibility (psi )

K = effective permeability (md)

t = design lifetime of injection well (at rate q)
(years)

r = radius from well (ft.)

h = injection zone thickness (ft)
p = minimum mud density (8.6 1b/gal)
p, = brine density (8.4 lb/gal) (mean)

G' = effective minimum gel strength (assumed)
10 1b/(100£t”)

d = depth to injection zone (ft)
D = largest hole diameter (assumed)
11 inches :

Now this assigns a radius value, (in feet) and we then must seek out

r

1A 7
records on every abandoned well within this circle. If it is ascertained that
all such holes were rotarv drilled with mud then we should assign a new

effective gel strength of 400 1b/(100£t”) and use actual hole diameters to

recompute APD . In this calculation we can use the reported  mud density from

the well record if the depth of the abandoned hole is not much greater than
the depth, d , of the injection zone. This is because even though segregation
of heavier solids to near bottom hole has occurred, there is still nearly the
full weight of the column above the injection zone. However, if the abandoned
well depth is much greater than depth to injection zone only bentonite mud
remains in the hole above the injection zone level and we retain 8.6 lb/gal as
mud weight in our calculation for APD .

If anv well located by this record search was drilled with cable tools, or
air-rotary, this well must be put on the list for plugging if adequate proof
of plugging is not established.



New out of the list of new APD values, computed as just described, we select
the smallest and again draw a line on the PD vs 1, graph at this value of APp.
This will intersect the curve at a new, smaller value of Tp- This is used in
Eq.(34) to compute a new value of r = Top Now everv well within this "radius

of endangered influence" must be examined for record of adequate plugging. Of
course, where adequate plugging is not clearly demonstrated, these wells must

be re-entered and plugged.

Thus, the pre-construction area of review process we propose differs little
from that described by Barker (1981). However, we stress that values we
assign for mud density and sffective gel strength in abandoned holes differ
significantly from those identified by Barker.

Post Construction Area of Review

The post construction area of review process we propose is designed to exploit
the pressure-flow rate transient history of the injection well to define
values for all pertinent injection zone parameters. Ideally, we would propose
use of a simulator, such as that constructed for this study, and carry out a
historv match of injection well bottom~hole pressure versus time, for the
recorded injection rate history over a long period of time, by adjusting
parameters in the simulator.

Such techniques are widely used in the petroleum industry and are often
complemented with short-term pressure transient testing. For example, Payne
(1985) describes a technique for identifying effects of 'no-flow'" boundaries
on pressure transient data when a well is shut-in and Yaxley (1985) provides
similar procedures for partially-sealing faults.

If such a history match is successfully carried out, then the simulator can be
used to forecast the onset of leaking of abandoned wells just as we have in
our case studies. This reassessment may call for re-evaluation of abandoned
wells previously considered to be outside the region of endangering influence.

We caution that a major limitation is that these history matching or pressure
transient testing methods are '"mon-directional" when carried out with data
from only one well. Thus, we might ascertain that a partially-sealing fault
exists at a certain apparent distance from the well but neither the direction
nor the nearest distance to the fault would be determined. Thus in assigning
the new area of review, every direction would have to be considered as a
possibility. If several injection wells, or monitor wells, are completed near
the subject well in the same  aquifer, then pressure transient interference
tests are capable of determining not only YK K but also Kx/Ky and therefore

the orientation of the axes of permeabillty anlsotropy. (Elkins and Skov,
1960; Pollock and Bennett, 1983) ’
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APPENDIX A

Mathematical Models For Area of Review Studv

The injection zone is here treated as a sedimentary deposit of uniform
thickness, porosity and permeability bounded above and below by shale layers.
There are two versions of the model described here, one in which the bounding
shale layers above and below are both impermeable aquicludes and one in which
one, or both of these have small, but non-zero permeability to brine.

For flow of brine and/or injected fluid, we neglect any differences in density
and viscosity and assume a homogeneous, slightly compressible fluid flowing in
the formation having density p depending on pressure, P, as

(A1) o = poecf(P_PO)

where p, 1is density at reference pressure P, and e is the constant
compressibility of the fluid. This is to be used in the equation of continuity
for conservation of fluid mass

A(pvy) + 2(ovy) + E(pv,) = - 2(ps)
(A2) ax CXT T gy VY T 5PV at.
where ¢ is formation porosity fraction and Ver Vo and v, are the rectangular

components of volume flux density of fluid flow in the formation. For these,
we have from Darcy's law

(A3) VX=°_K§(-a—E+pg-§-I:I-
" ax Ix

aP dH

vy = - Xy (= + -

YTT ey By

K
vz=-__?=(ili-l-cg@-Ii
N 3z 3z

where H(x,y,z) is vertical height above a datum plane, g is the acceleration
of gravity and u is fluid viscosity. Here Kx’ Ky and Kz are the principal

values of the anisotropic formation permeability tensor and it is assumed that
the coordinate axes are selected to coincide with the principal axes of
permeability. The above expressions are to be approximated by replacing p in
the gravity term by p,. Also we note that 3H/3x is cos ex, 3H/3y is cos Bx
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and cos Gz is similarly defined with Gx, ey, Gz being the direction angles of

2 2 2
the vertical relative to the coordinate axes. Then cos ex + cos ey + cos 8,
is unity.

This three-dimensional flow problem is reduced to a two-dimensional flow
problem by defining average mass fluxes in the formation plane over the
thickness, h, of the formation; thus, for example,

h
(a4) v = L[ ovedz
hO

Thus, Eq.(A2) is expressed as

(45) S + ) + £ Lovy), - (ovy) ] = - 222

with a bar denoting average value over 0 < z <h.

In the version of the model with sealed, impermeable aquiclude above and below
both v, terms are zero and we deal with

3, — 3=y o _3(09)
(46) ‘ ax(OVx) + ay(pvy) TS

The term on the right is simplified to account for compressible rock and fluid
using ’

a(od) _ de do do 3P
(47) 3t =0 3 T

which is equivalent to

3(os) _ ap 3P
(a8) 3t = 0% (cq + ef) 37 = ooc ¢

where ¢e is defined in Eq.(Al) and

lﬂ-

(A9) cy = i—d;

i§ the pore compressibility of the formation. In the analysis to follow, it
will be assumed that both Cq and cg are small so that the product p¢ in the

right member of Eq.(A8) can be approximated as p°¢;; the values at P = Py




T
i
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[
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We next observe that when we insert Darcy's law for Ve and v, in Eq.(A6),

together with Eq.(Al) for p we obtain terms such as

h
P-P,)
1 s X cg(P-Pg 3P 3H
(a10) 5 J 3% (5 Pee (35 + p8 33)) dz
o

In this, we see that

oECf(P'Pc) op L3
(AL1) L=2 22
ax c X
f

and then for small c. we have from Eq.(Al) to first order in cg(P-P,)

(a12) P =P =cf pg (P - Py)
so that
(A13) L2 . 2

cf ax ax

Therefore, if we approximate p as po in the gravity term in Eq. (AlQ) above,
we have the form

h
1 ap aH
- — —_— e d
(a14) h f 3% [u (ax foB ax)] 2
o .

Therefore defining

- h
(AlS) v = £ (P + pogH) dz

L
h

we have the expression in Eq.(AlQ) as

3 = aw
(a16) by 5z (= 2

and then, with Egs.(A8) and (Al5), Eq.(A6) becomes
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2 - 2 - -
3’ 3’ v 3%

(A17) =2+ K, = = gouc
e ay’ at

This follows because H is independent of t so 3p/3t and 3¥/3t are equivalent.
Now Eq.(Al5) is the general form of our "working" differential equation for K,

and Ky uniform throughout the formation. In this case, we introduce the

coordinate substitutions

(A18) x' = xF{: , y’=YF: ’ K’IK—x?y
Ky Xy

to obtain the isotropic form,

2 - 2 -
dquc 30
(419) 2,28 - Sl
3x’ ay! K &t

This basic equation then describes both isotropic (Kx = Ky) and anisotropic
(X, = K,) formations with uniform ¢,, h, ¢ and K and small cg. The reservoir

need not be horizontal, nor for that matter "flat"; the function H(x',y') in
the expression

(420) v =P (x', y',t) + pogH(x',y")

need only be specified.

Since Eq.(Al19) describes both isotropic and anisotropic cases, we will delete
primes on coordinates in all subsequent analysis with it understood that, for
example, X is either just x or it is .x - JK/Kx as appropriate to the system.

Returning now to the case of the "leaky" aquifer in which the shale aquiclude
above and/or below the formation of interest has non-zerc permeability. In
this case, our analysis begins with Eq.(A5) rather than Eq.(A6). The only
difference is in the presence of the terms in v_. For simplicity, we describe
the case in which v is zero at z =0 (the bottom of the formation) but v, = 0
at z = h.

Now
K K. 3y
zs Zs s
(a21) (), =-— (4 8 = =
. z=h 3z g 3z z=h u 3z
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where Kzs is permeability of the shale in the z direction (normal to the
layer) and (3yg/32z) is the potential gradient in the shale at the shale-

formation interface. Here we approximate this as the "instantaneous steady-
state", linear form,

(A22)

1

3t hg

where $ is the mean ¥ in the injection formation ‘at this location, 56 is the
value of ¥ in a permeable aquifer above the shale and hg is the shale

thickness. With this approximation, and p = p, in the term (pv,) at z = h, we

then see all other treatments of Eq.(A4) are being applicable to Eq.(A3), so
there results

2 —— -~ -
(A23) 9._;3 + _6___;_11_!_ - a(w-wo) = 9-0-:1.9- é.d.".
Ix ay- K 3t

describing the aquifer formation with a 'leaky" aquiclude on top. Here

KZS
Knhg

(A24) a =

and Y, is assumed as a uniform, constant value for ¢ in the aquifer overlying

the aquiclude. Furthermore, this must also be the uniform initial value for v
in the formation of interest since these aquifers were initially in
hvdrostatic equilibrium. Observe that if both upper and lower aquicludes are
"leaky", then a is replaced by the sum, o, + op, of the a values of upper and

lower shale bodies.

Now the above description of the leaky shales in terms of an instantaneous
steadv-state potential gradient within the shale, Eq.(A22), is admittedly a
crude approximation. An extensive body of literature (see bibliography) is
available which treats "leaky aquifers" in terms of transient, compressible

flow in this shale. Unfortunately, these more sophisticated forms do not
yvield solution forms amenable to evaluation in the context of a practical
configuration of wells. The form we have obtained on the other hand,

Eq.(A23), will be shown to yield a verv practical and useful solution form.
Furthermore, this can be shown to be an approximation for another "leaky
shale" system as follows.
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In the case of a verv thick shale laver, or other rock of low permeability,
overlying the aquifer as aquiclude we can insert another approximation for
dYg/dz at z = h in Eq.(A21) in lieu of the steady-state form in Eq.(A22). We

assume flow in the thick shale to be purely vertical and neglect all
horizontal flow. Then the boundary value problem for yg is

2 —-—
3 ws ¢5HCS 3¢s ws = wo’ t=20
= H -
(A25) 322 Kzs 3t by > Vg, 2> @

ws = E(X’Y)t)s z=nh

From the solution for this boundary value problem given by Carslaw and Jaeger
(1973, p. 62) we have

z - h )

2 Vy(t-ts)

J

L
fer 3
ey

. (a26) ye(z,t) - Uy 8u(x,y,ty) erfe(

where Yy denotes K, /d uc, AE(x,y,tj) is the increase ;n g(x,y,t) - Ug

occurring at time t = t5 and erfc denotes the complimentary error function.

Here the continuous variation in E(x,y,t) in time has been approximated as a
step-wise variation. We then find for 3¢ /3z at z = h the result

¢ :
(A27) (ifi) . -3 eyt | du(x,v,A) dx__
%2 z = h i=l my(t-t;) o aA vV y(t-1)

4

with the integral form being the result for continuous variation in 5 (x,y,t).
If we then approximate the sum by a single term as

v w(Xprt) -9
(A28) (=) = - :

°2 2 =n VYAT

with At a constant parameter we see this as having the same form as Eq.(A22)

with the "effective thickness", hg being given as Jryar.

An order of magnitude for At to be inserted here c¢an be estimated from another
analytical solution given by Carslaw and Jaeger (1973) in TFigure 11 on page
101; there the solution is plotted for a layer of finite thickness with a unit
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step change at one surface. This indicates a variable At would be required
2 -

but for yt/hg between O and .05 an average value of 1/ V myAT is seem to be

2.0.

Of course, these approximations are not rigorous and we could employ the
integral form in Eq.(A27) in 1lieu of our Eq.(A22) as an almost exact
description for the effect of a thick shale of finite permeability, but this

vields an integro-differential equation for v. Thus in all our analysis of
"leaky" shales we employ Eq.(A23).

ANALYTICAL SOLUTIONS OF EQUATIONS OF FLOW

For the cases in which the disposal zone is approximated as a uniform aquifer
having uniform values of ¢,, Ky, Ky, h, 1§ and c¢ throughout, with a simple

class of boundaries, to be described below, analytical solutions for the
equation of flow, Eq.(A23), can be constructed for both the "leaky", « = 0,
and "sealed", a = 0, cases. These solutions can accommodate any number of
injection wells in the common aquifer each having any arbitrary variabie rate
history.

The Sealed Aguifer

The method of solution 1is illustrated first for the case of the sealed
aquifer, o« = 0. The method employs a "line source" solution to represent an
injection well of constant rate in an aquifer of infinite areal extent and

exploits the fact that the differential equation for y, Eq.(A23), is a linear
equation so that solutions can be added to construct other solutions. Thus,
solutions for ‘'"wells" of various rates, starting at various times can be
"superposed” (added) with the wells at the same location to represent one well
at that location with a variable rate history. Also "image' wells, identical
to such a well, can be placed throughout the infinite aquifer to create lines
of svmmetrv in the resulting areal array of wells which appear as no-flow
plane boundaries in the aquifer.

The single, constant rate, line source in an infinite aquifer case is first
solved by the method of Boltzman by placing the origin of coordinates at the
well and writing the differential equation in polar coordinates, thus;

13 8 1 3%y douc 30
(A29) T 2o+ ;; ;;? - (vvg) = — 3%

Then, by symmetry, flow is uniformly radial from the origin and does not
depend upon 6 , hence '
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13 v L doue 3V
(A30) T (tgp) - eliv) = x— 3%

For the case o = 0, we then assume a solution with E a function only of the
variable

2
¢ ucT
(A31) =

and this yields (see Dake [1980])

. e
(A32) v =A f e
g

with A and B being constants. Now as r -+ ® we have { -+ = and the integral
must vanish. This also holds as t -+ 0. Thus, we see that the constant B must

be the initial value 55 of E and this is also the uniform v;lue at infinite
distance from the well for all finite time.

Next, note that the flow rate across the cylindrical shell of radius r and
height h, concentric to the well is, from Eq.(A32)

- ¢°ucr2
(A33) q = (-2rrh ; ;i')')r = A i e' 4kt
which yields for r = O
qu
(A34) A=

where q is the flow rate from the line source at the origin. This also holds

in the anisotropic case where K is ~JKXK .+ Thus the line source solution is
the familiar form 7
2
qu $gHCT

(A35) ¥ =Yg + g (-Ei(- )}

4Kt
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where
® =)
e
(A36) -Ei(-g) = J -jf'dk

g

is the well known exponential integral function. We note the approximation

(a37) © -Ei(-g) = -Inyg, C < .01
often applied with high accuracy. Here
(A38) In y = 0.5772, y = 1.781

is Euler's Constant.

By ‘shifting the origin of coordinates so that the well (line source) is
located at X, Y, instead of the origin, we have in the above solution

(A39) r o= (_x—:cw)2 + (y-yw)2

with x, y any point at which ¥ is evaluated, and this solution is a solution
of the general two-dimensional equation, Eq.(Al9), or Eq.(A23) with e« = 0.

For a well with the variable rate history, (a step-rate history)

L e =

(A40) q =
h

lqu’ tn <t KL tn+l

we simply add solutions 1like that above for multiple wells superposed at the
same location, X, ¥y, having rates qu, j =1, 2, ... with well number j

coming on stream at time t Thus the solution is

jo
2
- - n Aqsu boHeT
(a41) v = Y +jil s (FEi(- ZE(E:EET)}

Note that t1 0 is wusually the case with q = Aq: being the initial rate of

2
the well and of course, r is in general defined by Eq.(A39). Also observe

that as t increases bevond t then ancther term is added to the series,

n+l’

i.e. a term with Aqn+l and t appearing as the last term for tn+

<tK

n+l 1

tn+2, etc.



We can exploit additivity of solutions to represent aquifers with straight
lateral boundaries as described above. Two particular cases are formulated,
one the finite rectangular domain and the other a semi-infinite domain bounded
by two straight boundaries intersecting at the origin. The latter case is
described first.

The domain of the aquifer is represented as shown in Figure Al.l as the
hatched region with one well. To achieve the effect of the two boundaries
shown, the lines shown are drawn by symmetry in 45  segments with additional
wells then "inserted'" as marked by x's. These are image wells. In order for
this symmetry to exist, the angle, 87 , between the two boundaries at the

origin must be an even integral fraction of 2w, i.e.

6 o215 np=1,2,3, ...

(A‘#Z) T = ZnT

Then image wells are located such that the total collection of wells in the
infinite reservoir are located at

/ X x\ o Well

\x Image Well
/ N

FIGURE Al.l

(A43)

"
]

wnl R, cos(2(n-1)6p + 6,,)
Yem1 = R, sin(2(n-1)8p + 6,,)
wn2 = Ry cos(2(n-1)8p - 6,,)
Yin2 = Ry sin(2(n-1)8p - 8,,) n=l,2,...nT
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where n. is defined by Eq.(A40) and

1

2 2 2
(A44) R =(xy+y )

sin” (yy/By)

@
I

with X, Yy the actual coordinates of the original well.

Then if these wells are ordered and labeled by a single index i =1, 2,... we
can write the solution for one well with variable rate, as described above, in
the bounded domain as

(445) ¥ - Yy == )}
i

where'ri is the distance from the ith well to the point x, y in the bounded

domain where a is evaluated. Note that all of the wells here have an
identical rate history. This is readily generalized to represent any number
of actual wells in the bounded domain simply by adding a similar double sum on

the right for each such well.

Observe a special case of "one" plane boundary when 87 = 1800; then there is

only one image well for each actual well, i.e. np = 1.

The other bounded case treated is the rectangular domain. In this case, we
have for one well in the domain, the infinite array of lines of svmmetrv and
image wells as shown in Figure Al.2.

3 X
X X X X 0 =original well
X =image wells
x
x X
x X x
x b3 X

FIGURE Al.2
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In this case, the original well located at x = a, y = b is now replaced by
the two-dimensional, infinite array with wells located at

"
L}

2nL - (L-a) = (2n-1)L + a
wnl o

(A46) Y

ol = 2mw - (w=b) = (2m-1)w + b

b
1

(2n-1)L -~ a

(2m-1)w - b

<
i

wn2

Again, we can put these wells in correspondence with a single integer index,
i= 1, 2,... and Eq.(A45) is then the form of the solution for one well with
variable rate history in the rectangular domain. The addition of a similarly
structured double sum on the right in Eq.(A45) for each additional well in the
rectangular aquifer yields the solution form for multiple wells.

In practice of course, the infinite array of wells shown above is truncated to
include only -wells near enough to the rectangular domain of interest to

contribute sienificantlvy to the value of E.

The Leaky Aquifer

In the case of the leak-off of brine into a shale aquiclude, we begin with the
case of a single line source (well) at the origin and hence must solve
Eq.(A30). We seek a solution in terms of the dependent function

a
g

(A47) U=e " (v-vg)

where o is defined by Eq.(A24) and 8 is defined as

dgHe

(A48) B=

Thus Eq.(A30) becomes

1 3 U au
& )=8_
(449) r odr or at

which has the same structure as Eq.(A30) with a = 0. Therefore, there is a
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solution in terms of U, defined by Eq.(A31), of the same form as obtained for

¥ in Eq.(A32); that is,

=) e_c
(A50) U=A i —E— dz + B

which yields, with U+ 0 as { -+ «, and the quantity q defined by

(o K 3U| _ , 4TKn
(A51) q = lim (-27mrh I ar) A -
the form
%t o ucr”
= =y __Qu_ _-.._ Sgucr
(452) e P (b - = S (Ei(- 8

Clearly, this dces not correspond to a well with constant flow rate at the
origin. This situation is simply remedied by using superposition of solutions
in the manner already described, namely replacing Eq.(A45) by the form

% t - Aun ¢oucr2
(A53) e (b~vy) = ? %7Kh {-Ei(- AKﬁt'tj))}

for tj; <t < tyy. Then, in the limit, tjy) - t; > 0, for all j, this has the

limiting form

Q 2 t 2
3t - — q(o)u $HCT u  dq(t) doucr @
- = [-F4 IR-T
(a54)  e” (v4o) = o By} +J A T Ry e
wKh
Now using
(455) 4z = lim (-27rh % &
0
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as the equation defining the actual rate of the well at the origin, there

results upon using Eq.(A54) for ¥ the form,

-2
g

a
t -
(A56) qy = e [f Q%%El dt + q(o)] = e B

q(t)

This then requires the form,

a
Et
(A57) q(t) = que

in Eq.(A54) to yield the form for ¢ for a well of constant rate q, at the

origin. Thus the solution of Eq.(A23) corresponding to a well of constant
rate q, at the origin, in an infinite reservoir, is

2 a
- - qaH B $oHCT t ‘E(t'f) ¢q wer”
(A58) W - ¥y = g e 7 {-Ei(-—pp )} + j {-Ei( ZETE—;T)}—dT]
(o]
or, with A for t - 1
R R t -3 douer”
(459) V- Vo = ggple © GRG0 + [ o B lE (%

Q

Of course, the form in Eq.(AS5) for q(t) can be inserted into Eq.(A51) to
yield the avproximate form for the solution in Eq.(AS53)

— - qau --B—t ¢QUC1'
(A60) V- o = gaggle’ (B!
a a
qzH %ty n-l =t; - =t d uCT
* ke I T hemg

-
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for ¢ - ¥, at time tn'

Since Eq.(A23) for the "leaky" shale aquiclude is linear we may again add
solutions of the form in Eq.(AS59), or Eq.(A60), to create solutions for
multiple wells, wells of variable rate and wells in domains bounded by plane
fault boundaries using images. Hence all of the analysis given for the non-
leaky aquifer can be generalized to the leaky aquifer.

Effects of Transmissibilitvy Variations: Aoplications of Pseudo Steadv-State
Analysis

The primary simulator wused in this study incorporates effects of fault
boundaries, leaky shale aquicludes and multiple, variable-rate injection
wells, although our basic study has focused upon a single, constant-rate
injection well. In this primary simulator, the disposal zone was represented
as having uniform, homogeneous porosity, permeability and thickness, so we now
employ some analytical methods to assess the impact of variability in
permeability, or transmissibility, on the spatial distribution of pressure

~_ build-up in the injection zone.

,iin the analysis to follow we will show that if we examine fluid flow in the

aquifer in the pseudo steady-state approximation then we can exploit a method
from potential theory to estimate the effect of plane discontinuities in

permeabilitv, transecting the aquifer, on pressure build-up in the aquifer.

The Non-Leakv Aquifer; Pseudo Steadv-State

For the non-leaky aquifer, we have wused superposition of solutions of the
equation of diffusion type (Eq.Al9),

IR 2% douc 3V
(A61) 3 + 7 = R 'b-,-t-

corresponding to a single constant-rate injection well in an infinite
reservoir to describe various types of boundary configurations. This solution
is of the form

2
qu RIS -

(462) V- Vg = g (CEi(-p))

~with r the distance from the injection well at time t after start of injection

at rate q. For large values of t such that
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2
$gueT

(A63) T < 0.01

this solution is well approximated by the pseudo steadv-state form (see Magnus
and Oberhettinger [1949]) .

2
- - qu Yégucr
(464) Vove = gomm U0 TR

where vy = 1.781.

Now this functional form is in fact a solution of the LaPlace Equation

3%v 8%y
(A65) —_—t— = 0
ax’ 8y’
which is the steadv-state form of Eq.(A61). Thus we infer that for large

iniection times we can use techniques applicable to solving this equation to
evaluate long-term pressure distributions in disposal aquifers having sezaled
aquicludes. Observe that for the typical values:

-6 -1
¢, = .2, u=1cp., ¢ =5x10 psi K = 300 md

with r in thousands of feet and t in years, the above inequality becomes,

2

r (thousands of ft.)2
(A66) — < 27.6
t

years

Thus for r on the order of 10 thousand feet, this gives

10 < 27.6
(A67) e
or
(A68) t > 3.62 years

Hence for injection times in excess of 3.62 years, the pressure (or flow
potential) distribution out to distances on the order of 10,000 feet, or more,
has the same form as in a steady-state condition. For t on the order of 36
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years, this holds out to distances of 32,000 feet, or about six miles, from
the injection well.

Clearly the above time criterion will vary with spatial location in an
inhomogeneous reservoir in which ¢, and K are not uniform but a lower bound on
time to reach this "steady-state" condition can be estimated.

A consequence of this result is that techniques of potential theory (solutions
of LaPlace's Equation) can be applied to access effects of non-uniform

permeability on the distribution of pressure build-up in the disposal
reservoir.

The Leakv Aquifer: Pseudo Steadv-State

In the case of the leaky aquifer, we have employed superposition of solutions
of the diffusion type equation with losses,

3’y R RTINS 17
(A69) — t =7 e -¥) =5 %
ax ay

of the form

a 2 t a ’ 2
- - qgH ‘Et Br 'EA Br «a
(470) U by = g [e TRz 4+ J e {-Ei(-zx*)}g dA]
o

corresponding to a single well of constant rate q in an infinite, uniform,

plane aquifer. We construct an approximate form of this solution valid for
large t by the following device. We write the integral in Eq.(A70) as

t = o
(A71) del=jfdA-deA

le] o t

where f(A) is the integrand appearing there. Then for the first integral on
the right, we use the closed form (see Collins [1968] p. 127)

= °%A Brz a
(A72) j e " {-Ei(-gligdr =2k, (Yar)

Q

where K° is the modified Bessel function of the second kind, (a tabulated
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function) while for the second integral on the rzght, we use the approximate
form

@ Q ®

-2 r’ a -5 4 a
(A73) [ef ¢ m(-———)}- = [ef tln—izar
t t

YBr

with 1n y being Euler’s constant as introduced earlier. This requires that

Brz/Kt be sufficiently small as specified in Eq.(A63). Finally, this integral
is evaluated using integration by parts to yield as the pseudo steadv-state
solution for a single well in a leaky aquifer

a 2
- - Qa4 ' -Et YBr a
(A74) V-V = T (2K er) -e In =7 + {-Ei(~Et)}]

Here, just as for the sealed aquifer, we find that this is a solution of a
steady-state equation; in this case Eq.(A74) is a solution of

3 Y 8 Y
(A753) - + — - a(\b - Kllo) = (
ax ay

valid for ¢oucr2/4Kt specified as in Eq.(A60). Thus, all of our analysis

given above for the sealed aquifer, concerning the radius r of the circle
within which this solution is approximately wvalid, for a given ¢t, is
applicable here.

We note that as t -+ = , the solution in Eq.(A74) approaches

qzH

(A76) LR

Ko (ar)

which is the steadv-state solution for a single well of rate q in a uniform
leaky aquifer given by Hantush and Jacob (1955).

A Discontinuityvy in Permeabilitvy

The first case we consider is that of a reservoir approximated as having two
regions of distinctly different permeability. TThis gives insight into the
effect of a trend, or gradient in transmissibility on the spatial distribution
in pressure build-up.




We have the potential probiem as shown in Figure Al.3.

y
REGION A - REGION B
x <0 x>0
K = K, K=Ky
Well Image Well
b
S
X T
FIGURE Al.3
In Region A, the solution is written as
2 2 2
(a77)  _ _ @ yoguel (x+d)” + y°] yoouel(x-d)* + y°]
Y, =~ Y, = - In + A In 1
a ) 47K h 4Kt 4Kt
while in Region B, it is
(a78) 2 2 2 2
- - au Yoouel[(x + d) + y'] Yoguc[(x-d)" + y']
Yo Yo = " Zpp (B In 4Kt tAln Kt ]

where A and B are constants to be determined by the boundary conditions on the
separating plane at x = 0,
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Eﬁ = Eb
(A79)
am; a$b
Ky — = Ky —
ax ax
These give. Ky
TR
(A80) A= X
1+ —
Ka
_ 2
(A81) B = Ky
1 + —
Ky

With these constants inserted for A and B in the above expressions for Y, and

Yy, we then have an approximate prediction formula for ; everywhere for large

injection times. This can be extended to include fault boundaries and
permeability discontinuities by images, but here we use this result simply to
compare the "ultimate" increase in pressure at an abandoned well in an
injection zone having such a discontinuity in permeability with that which
would exist in the absence of this discontinuity.

We have at the abandoned well at position x,y in Region B, the pressure
increase for this inhomogeneous case

dgucl (x+d)* + y°]

. . 2 qu
(A82) APIH = Kb 4ﬂKah In 4Kat -
1 +
Ka

due to the injection well at position x = -d, y = 0 in Region A. This is to
be compared to the increase

2
au Yéguel(x + d)° + v']
in

(A83) &Py = - ZxH ZKt

N
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in the homogeneous case. This gives

AP

IH 2 .
(A84) KEH” = __-15;— (Region B)
1+ —
K

Thus if Kb > Ka , the pressure build-up at an abandoned well in Region B is
less than would occur in a homogenebus reservoir while for Kb < Ka, the
pressure build-up is greater than in the homogeneous reservoir.

If the abandoned well at x,y is located in Region A, we find, in
a similar manner, from the above solutions:

Ky ,
L R
APIH a Y¢°ucrz
(A85) e = 1+ ) _ e
‘1 + E— 1n -
a Yégoucr

where r 1is the distance from the injection well to the abandoned well, while
Tr is the distance from the image well to the abandoned well. Since both

logarithms are positive and Tr > r, this ratio is less than unity for all time

and any location in Region A.

Denoting the ratio of the two logarithms here by €., we note that 0 < e, <1,

with the upper bound of unity being achieved only as t - ». Then the above
equation appears as:

Ky

l- —

APy » Ka

(A86) ZEE— = l+¢ -————Eg
1+ —

Ky

which shows that for any €4, in Region A

tpry

(A87) EI-

< 1 for Kb > Ka

and
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APIH
(A88) KF];— > 1 for Ky, > K

Now these results show that if an injection well is located in a higher
permeabilitv region of the reservoir, Ka > Kb’ with reservoir permeability of

lower value to the east, in Region B, then 31l abandoned wells to either the
east or west, of the injection well, but lying in Region A, experience greater
pressa;e build-up than would occur in a homogeneous reservoir. By contrast,
if the injection well is located in a lower permeability region, Ka < Kb’ with

permeability of higher value in region B, then all abandoned wells to either
east or west of the injector, but in region A, experience less pressure build-
up than would occur in a homogeneous reservoir.

This result is more firmly established by examining the two limiting extremes
for Kb’ either Kb =0 or Kb > @, In these cases, exact solution of the

diffusion type equation, Eq. (A61) by the method of images is possible.

For K, =0, the line x = o0 is a no-flow "fault" boundary for Region A. There

is no build-up in Region B but at any well in Region A, (by image)

2 2
¢oucr ¢QucrI
o QU ol iy
(A89) APIH = 4ﬂKah [ Ei( 4Kat ) Ei( 4Kat )]

or
doueTT
oHETT
. ~Ei (=m—m—)
sPrg 4Kt
(ASQ) — =] 4
APH 2
dgHer
'El(-_ZE;E—)

with r and r; as defined above. This is clearly in complete accord with Egq.

(A85) with Kb - 0.

For Region B, Eq. (A84) would forecast a value of 2.0 for Kb -+ 0 but this is
inaccurate; the exact result for Region B in this case is forecast by a
condition extracted from the differential equation, Eq. (A61), applied to

Region B. Thus

o~
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3;& Kp 2
(a91) ¢ = Py by

so for a finite value of Vzwb , we see that as Kb - 0, awb/at -+ 0 and of

course there is no build-up of pressure in Region B.

The other extreme, Kb -+ o _ is also evaluated exactly using images. In this

case, we have in Region A

2 2
¢°’4C‘~' ¢QHC1’I

= - Ei(- — i (- e
(a92) APry GmKoh [-Ei( ) + Ei( T

4K t )]

or 2

¢QucrI
-Ei(- ——)
P Kt

(A93) Z?E_

=1 -

2
$oHeT

4Kt )

-Ei(-

which again is in complete accord with Eq. (A85), but in this case for Ky ==

Here, of course, the line x = 0 acts as an equipotential boundary at original
reservoir potential and the entire Region B remains alwavs at original
potential. There can be no potential gradients in Region B when Kb -+ o, Thus
in Region B, x > 0,

APIH

(A94) K?g"

= 0

which is in complete accord with Eq. (A84) as Ky > =,

We can summarize these variocus cases in the following table. In this table we
consider the injection well alwavs located in region A and examine the effect
of the discontinuity in permeability on pressure buildup at an abandoned well
which may be located in either region A or region B. The symbolic notations
t, ¥, - indicate increase, decrease or no change in pressure buildup at the
abandoned relative to a homogeneous reservoir case, caused by the
discontinuity in permeability.
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Effect of Permeability
Discontinuity on Pressure Buildup
(Injector in Region A)

Case Location of Effect on Pressure
Abandoned Well Buildup at Abandoned Well

Ky > Kg A | 3

Ky > Kp B +

Ky < Kg A v

Ky < Kp B ¢

Partiallv-Sealing Faults

In all analyses thus far described, faults have been treated as totally
sealing plane boundaries; here we examine effects of partially-sealing faults
on the temporal history of the potential distribution in the injection zone.
Specifically, we consider the problem of one linear, partially-sealing fault
transecting a uniform, infinite aquifer. Yaxley ' (1985) has solved this
problem for a single well of constant rate using the LaPlace transform in the
time domain and the Fourier transform in the space domain. Here we describe
his solution in terms of the same coordinate geometry employed earlier for
other fault problems. :

The nature of a partially-sealing fault is displayed in Figure Al.4.

FIGURE Al.4

The '"narrowed" flow pathway indicated at the fault is equivalent to a "thin"
domain of lower permeability as shown in Figure Al.S.

CREGIOR YT
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with the thickness £; being very small. Thus, the mathematical description of

the problem takes the form as seen in Figure Al.6.

Then:

(Aa95)

(A96)

(A97)

(A98)

Fauit

injection well
0

‘T”

?
4
1

Point of

. p §
interegt

FIGURE Al.6

Y2 doHC 3".1’.2

T K at

Yy douc 3&1

[N ]
| e
[N
a8
€ |
N
it

K at

bo 5 ¥y2>0

vy 5 ¥<O0

and there is a point singularity in y,, at the point (B,0) corresponding to a
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line source of constant rate q in the reservoir of unique thickness, h. Also,
at the fault, x = 0, we have

(A99)
3 y=0

@l
2z
3
|
= s
i
3 le‘
[}
t' el
Hh
€|
}
€ |
X}

K
i

Thus, there is a discontinuity, El - Iz, at the fault, i.e. we let % - 0 with

also K¢ » 0 such that the ratio Kf/zf is finite and non-zero in the limit.

The solution of this boundary value problem is given by Yaxley (1985) as:

For v > 0:

“(yp - 0+ xD2 (yp + D+ xDz
(A100)  APp = -Ei(- Y ) - Ei(- pr )
xl
tp 2 .2
=2 mage [20£(lyp| + 1)] j e(AQf AT
! :
' IVD;+1
N du
. t —— ==
erfc»[ZafﬁT Ve ] =
For v < Q:
(a101)

: 2
X
t 2 D)
APp = 2 7 af e[zaf(iYDl + 1)] j D e(&af - fzz

o}

|VD' + 1
N du
erfc [2a¢ u + PR ] o

where we define dimensionless quantities as

(A102) i - - ] .
APD = qu (ll’ - wo): Xp = E s Jp T E

e = Kt - K¢B

’ f = Yvo.

$gHcB it
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The reader should note that our definition for APp is precisely 2 + Pp where
Pp is the dimensionless pressure defined by Yaxley and generally wused in the

petroleum engineering literature.

Both of the above forms for APp involve the function defined as

2
X
tp 2 D)
(A103) I(“f"ynl’xn’tn) = 2 T afe ZG.fHYD + l“ j e (AG.f u 411

o}

‘YD' +1 d
3%
« erfc [Zafp + —-_——Z‘fﬁ- ] .1—_5_

In fact, for yp < 0, this is precisely APp. The integral here cannot be
evaluated in closed form so numerical evaluation is necessary. Yaxley carried
out such evaluations to provide results for limited cases but only one set of
these results is applicable to problems of interest here. In Figure Al.7 his
results are shown for xp = 0 and yp = -1. This places the "observation well",

or an abandoned well in our study, at a point on the line normal to the fault
at the same distance as is the injection well on the opposite side of the
fault.

5.0

Dimensionless Pressure Pp

10% 10° 10*

10-" 1 0
Dimcnsion&css Time e

FIGURE Al.7
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In Figure A 1.7, Pp is APp/2, ¢ is 2a¢ and th is tD/A because Yaxley

employed L = 2B in defining the dimensionless time and ¢ for this
calculation.

Note that for large values of time, and any value of ay,, the curve for PD; (or
APD), are all parallel to the curve for g = . This curve is simply the PD

‘vs tDL thiat exists in the total absence of the fault. Thus, for large time,

APD is simply shifted by an additive constant determined by ag¢. This is very

useful information but unfortunately it is applicable only to one abandoned
well location; therefore, we have evaluated this solution for a general range
of values for Xp» ¥p» tp and ag. These results are described in the body of
this report.
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APPENDIX B

On The Effect of Borehole Geometrv on Apparent Gel Strength of
Drilling Mud In Abandoned Wells

ABSTRACT

A series of small scale experiments was carried out to determine the
effectiveness of old, gelled drilling mud in abandoned wellbores in preventing
brine from migrating up abandoned wells from a fluid injection zone driven by
pressure build-up. It was found that in general the critical pressure for
initiation of brine entry into the mud-filled wellbore is composed of two
parts, one due to the weight of the mud column and the other due to the gel
strength of the mud. For typical water-base bentonite muds and smooth,
straight, uniform diameter holes, these contributions are comparable in
magnitude. However, for holes of irregular shape, as with shale wash-outs,
the contribution due to gel strength may be increased by five-fold or more.

Experimental Obiectives

These small-scale experiments were conducted to determine criteria for brine
entry into an abandoned, mud-filled bore hole from an aquifer due to increase
in pressure from fluid injection into the aquifer. Specifically, we wish to
define a critical pressure, Pcrit’ in the aquifer at the abandoned well which,

if exceeded, will allow brine entry to the abandoned well.

General Description of Apparatus and Procedure

This study actually includes nine different experiments using the same basic
apparatus with only minor alterations. Figure 1 shows the general
configuration of laboratory equipment. A core was epoxied into a nipple and
then attached to a pipe joint below the core which in turn was attached to a
line carrying brine from a salt water reservoir. The pressure at the salt
reservoir was recorded using a gauge Or mercury manometer. Pressure was
supplied to the brine using compressed nitrogen and a pressure regulator.
Brine was pushed through the brine delivery system until no air existed in the
lines and the rock was saturated with the brine. At this point, a pipe was
attached to the core nipple and a column of bentonite mud (20 ppb bentonite
with 3 ppb salt in run 1 and 30 ppb bentonite in all other runs) was placed in
the pipe over the core.

A sample of this mud was also placed in a Fann viscometer cup to remain
quiescent. A small diameter transparent tube was attached to the top of the
mud column and filled with brine so that when the mud column moved, fluid
movement could be noted at the top of the column. The mud was allowed to gel
for approximately 12 hours, at which time, pressure was slowly applied to the
brine delivery system until fluid movement was noted in the viewing tube at
the top of the column. Concurrently, the gel strength of the mud sample in
the viscometer cup was measured using a Fann V-G meter. Note that the
relevant distances to calculate pressures are indicated by A, B, and C in
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Figure 1. All physical dimensions of this apparatus are given in the appendix
together with physical properties of fluids used.

Specific Description of Runs

Runs 1 & 2

The geometries for the various experimental runs are shown in Figure 2. In
the first two runs, the pipe size was small (refer to Appendix). Two 1/16
inch shoulders were located along the length of the pipe, one just above the
core and one midway up the length of the pipe. In addition, a fairly severe
constriction occurred at the top of the column where the viewing tube was
substantially smaller (diameter = 1/8") than the pipe itself and mud actually
extended inte this tube. Therefore, tliree constrictions existed along the
mud column. The 1/16 inch shoulders were fairly large relative to the total
diameter of the pipe. :

Run 3 v

A large pipe was substituted for the small pipe (see Appendix). The pipe
contained only one 1/8" shoulder located above the core. The adapter with
brine viewing tube on top was used as shown in inset of Figure 2. .

Run 4

The same set~-up as run 3 was used; however, the pipe had an oily film over its

- entire surface. No specific data was collected since fluid flow responded
immediately to changes in hydrostatics and no apparent. gel strength was

observed. .

Run 5

Run 5 was similar to run 3 except that an additional constriction was placed o
the mud column and the mud column extended into the smaller pipe on top and
into the brine viewing tube. (see Figure 2 inset)

Run 6 & 7

Runs 6 & 7 were identical. These runs were identical to run 3 but instead of
a smooth pipe being used, a series of five joints and nipples (in addition to
the one located above the core mentioned in 3) were located along the length
of the pipe. (see Figure 2)

Run 8
This rum employed the small pipe as in Run 1 and 2 but in this case the mud

did not extend into the small viewing tube initially. The mud level was in
the 5/8" ID pipe. ‘

Run 9

This run was intended to test behavior in a pipe of uniform dimensions with no
constrictions anywhere. A PVC pipe was mounted into the core containing the
nipple used in Runs 3 and 4 with the pipe inserted flush to the core plug
face. Thus no "shoulders" were present in the mud-filled pipe. The adapter
with the brine-filled viewing tube was mounted on.top but the mud level was in
the uniform diameter pipe. :
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Regulated Ni'trogen

l ~— Brine Column

c (Viewing Tube)
—Y ]
_ 1
~— Manometer
—
—— Brine Delivery :
System
d } B | =~ Mud Column
A
—X X
.} ==—— Core
(= ]

FIGURE . General Description of Equipment

.
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tube 1D =1/8"

."
| ——— )
shoulders = 1/4"

ﬂ shoulders = 1/18"

pipe 1D = S/8".

shoulders = |/|8"
EH converter 1D =} i/4"

core dia.= {"

Runs 1, 2 and modified
for Run 8

FIGURE 2

pipe 1D = | 374"

pipe 1D = 5/8"
«] mud level

shoulders = i/16"

convorter ID e
i 778"
Viewing Tube

Runs 3 -9

shoulders = /8"

Joint 1D = | 7/8"

nipple 1D = | 374"
core dia. = | 172"

.Runs 3, 4 and modlfled for
Runs 5 and 9

shoulders = i/18"

nipple ID = | 3/4"

joint 1D = | 7/8"

shoulders = /8"

core dia. = 1 /2"

Runs 6 and 7
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Calculations and Results

The apparent gel strength, G', of the mud in column is defined using the force
balance on the mud column formulated as for a uniform cylindrical column of
the same vertical height, B, as the actual column and the same diameter as the
inside diameter of the pipe used in the experiment. Note that this
computation explicitly excludes allowances for non-uniformity in diameter at
nipple joints, etc.

The pressuré of brine at the face of the core plug against the mud column is
given by (gauge value)

(1) P. = P, + ppsé

where P is manometer reading of pressure on brine in the reservoir. The
hydrostatic pressure of the mud column and brine on top of the mud is (gauge
value)
2) Py, = pp2B + ppeC
Then the force balance criterion for on-set of movement of the mud column by
shearing of the gel at the cylindrical wall of the column is

2
(3) e (P - By) 2 2Tr AG!

where G' is the apparent gel strength. Thus we calculate G' from the
experimental data using

. _ P (P, - By)
(4) G' = JA c h

The calculated apparent gel strength G' was compared to the Fann gel strength
G as a ratio R, where

R=G'/ G

A summary of results is given in Table 1.

Run # 1 2 3 4 5 6 7 8 9

R 5.11 5.05 1.8 0.0 2.77 3.83 3.61 5.76 1.99

TABLE 1. R Values For All Runs
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Discussion of Results

The results of Runs 1 and 2 indicate non-uniform geometry profoundly
influences the apparent gel strength. Apparently the relative size of
diameter constrictions in relation to the cylinder in which the mud stands
produced the larger increases in apparent gel strength observed in Runs 1 and
2 as compared to other runs.

In Run 3, the one shoulder in the large pipe produced, approximately, a 687
increase in apparent gel strength over the measured Fann measured value. In
Runs 6 and 7, it would be reasonable to assume that the increase in apparent
gel strength should be about six times the 68X value observed in Run 3 since 6
shoulders are present. This would produce an R value of 1 + (0.68 * 6) or
5.08 which is larger than the apparent values actually observed in Runs 6 and

7.

Run 5 provides further evidence that geometric irregularities produce
increases in apparent gel strength. With the constriction on the top of the
pipe (along with the shoulder of Run 3), the apparent gel is increased by
nearly three-fold over the Fann measured value.

Run 4 demonstrates that when the mud column is detached from the pipe
structure by an oily £ilm, either the brine flows up the pipe around the mud
column or the column provides little or no gel strength since it 1is, in
effect, not bonded to the pipe. ‘

Run 8 was to test whether the very large value of G observed in Runs 1 and 2
was due in part to the fact that mud extended into the small diameter viewing
tube at the top of the 5/8" ID pipe. Since the observed value of R in Run 8
was even larger, this is not the case.

The objective in Run 9 was to determine whether a tube free of any non-
uniformities in diameter of the mud column would yield a G value comparable to
that measured in the Fann viscometer. Since the apparent G value in this case
was almost double the Fann determined value, this is not the case. Thus,
there are other factors involved besides non-uniform diameter of hole which
cause the high apparent G wvalues.

We can speculate on the implications of the data obtained in the above
experiments:

(1) There is clearly an increase in the contribution of mud gel strength to
the threshold pressure for brine entry arising from constrictions or non-
uniformities in pipe (simulated borehole) diameter. A factor of about 2 - 5
was observed. ’

(2) There 1is another contribution to threshold brine entry pressure not
associated with hole geometry. We speculate that this may be due to an
"interfacial tension" effect as brine tries to enter gelled mud from the small
pores in the core plug.
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This interfacial tension effect would contribute a AP to the threshold entry
pressure as

= &
T

where r is the radius of the hemispherical bubble of brine entering the mud
while v is an effective interfacial tension. The value of r should be the
average of the largest pores open on the core plug face. Thus for the same
brine and mud we could see a difference in AP for the two core plugs used in
our experiments. Also it is possible that upon standing with mud pressure on
the core plug, some particulates could enter the larger pores of the core plug
so r might be reduced in later experiments wusing the same core plug. This
might account for the results in Runs 8 and 9.

Future Reseagrch

Clearly, we have not answered all questions concerning the criteria for brine
entry into a mud-filled abandoned well but we have shown that the critical
pressure for brine entry is given by an equation of the form (P..;: in psi)

= AP + 0.052 +3.33¢10°° &4
Pepir = 4P + 0.052 pooqd + 3.33 x =

where
mud weight (1lb/gal)

Pmud

G' = apparent gel strength of mud (1b/100 £t?)

d = total depth to disposal aquifer (ft)

D = mean diameter of abandoned well (inches)

AP = possible brine-mud interfacial tension contribution
(psi)

In order to fully quantify this equation, more experimentation is required.
We propose doing experiments using larger diameter simulated boreholes with a
variety of well-defined non-uniformities in diameter, with fluid entry through
rock circumferentially as in a real well. We also will design an experiment
to directlv measure the contribution to Porit defined above as AP.

In closing this preliminary report, we note the significance of the results
thus far obtained. For a borehole of 5000 ft. depth filled with mud of
minimal weight (Pg,q4 = 8.16 lb/gal) and minimal gel strength (G' = 50 1b/100

2
ft') we compute for a 9 inch diameter hole,
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Popir = AP + 2236 + 8.34

but if, as indicated by our data, the last term due to gel is increased four-
fold by hole irregularities, this is

Popit = AP + 2236 + 33.37

Now, since normal static aquifer pressure at 5000 ft. is about .437 x 5000 =
2185, we see that mud weight alone gives a tolerable pressure increase in the
aquifer of 2236 - 2185 = 51 psi and the gel adds more than half this amount to
the critical entry pressure. If this were a typical salt mud, G' would be
five times greater and the gel contribution, with hole irregularities, would
be about 167 psi or more than three times the mud weight contribution.

1




Data and Results

Run 1
in. | cm.
Core Radius 0.5 1.27
Pipe Radius 0.3125 0.7438
Length A 24.409 62.0
Length B 11.5 29.2
Length C 4.53 11.5
psi in. Hg
Pm 3.0
Ps +0.8937 + 1.8
Ph 0.5966 1.2
Pc 3.89 7.9
psi ‘ 1bs/100 sa. ft (12 hours)
G 125.0
G!' 0.04475 " 644.,0
G'/G =R =5.11
Run 2
in. cm.
Core Radius 0.5 ! 1.27
Pipe Radius 0.3125 0.7438
Length A 14.6 37.0
Length B 12.0 30.5
Length C 3.94 10.0
psi in. Ho
Pm 7.859 16.0
Ps -0.533 -1.1
Ph 0.5%66 1.2
Pc 7.326 14.9
psi 1bs/100 sa. ft (12 hours)
G 250.0

G 0.08763 1262.0

G'/G =R = 5,05
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Core Radius
Pipe Radius
Length A
Length B
Length C

Pm
Ps
Ph
Pc

G'/G=R =1.68

Run 5§

Core Radius
Pipe Radius
Length A
Length B
Length C

Ps
Ph
Pc

G'/G=R=2.77

4.91
-0.4476
1.4039
4.4643

psi

0.04042

—in. Hg

7.0
-0.851
2.48
6.15

1bs/100 sq. ft (12 hours)

250.0
405.0
cm.
1.91
2.06 small pipe
31.0 radius =
86.0 0.3125 inch
9.0 (see sketch)
in. He
10.0
-0.91
2.86
9.1
1bs/100 sq. ft (12 hours)
210.0
582.0

<z
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Run 6
in. cm
Core Radius 0.75 1.91
Pipe Radius 0.8125 2.06
Length A 13.8 35.0
Length B : 26.0 66.0
Length C 6.3 16.0
psi in. Heg
Pm 3.93 8.0
Ps ~-0.5044 -1.28
Ph 1.21 2.46
Pec 3.425 6.97
psi ibs/100 sa. ft (12 hours)
G 130.0
G' 0.03460 468.0
G'/G =R = 3.83
Run 7
in cm.
Core Radius 0.75 " 1.91
Pipe Radius 0.8125 2.06
Length A 13.8 35.0
Length B 26.0 66.0
Length C 6.3 16.0
psi in. He
Pm 4.13 8.4
Ps -0.5044 -1.28
Ph 1.21 2.46
Pc 3.6214 7.373
psi 1bs/100 sa. ft (12 hours)
G 150.0
G" 0.03768 542.0

G'/G =R = 3.61



Core Radius
Pipe Radius

Length A
Length B
Length C

Pm
Ps
Ph
Pc

Run 9

Core Radius
Pipe Radius

Length A
Length B
Length C

Pm
Ps
Ph
Pc

G'/G =R =5.76

Small Pipe - no top constriction

in.

0.5
0.3125
21.65
9.84
3.05

psi

6.1886
-0.7925
0.4827
5.396.

psi

© 0.078

in.

0.75
0.75
20.866
22,441

5.906

psi

3.438
-0.7637
1.062
2.674

psi

0.02694

G'/G=R=1.99

Cm.

1.27
0.7938
55.0
25.0
7.75

in. Heg

12.6
-1.6135
0.9828
10.98

1bs/100 sq. £t (12 hours)

195.0
1123.0 -

7N

-1.555
2.162
5.444

1bs/100 sa. ft (12 hours)

185.0
388.0
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Salt
Mud (Run 1)
Mud (Runs 2-7)

Mud Composition:

FLUID PROPERTIES

Density (g/cc) 1b/gal psi/ft psi/in psi/cm
1.0147 8.45 0.4394 ~ 0.0366 . 0.01441
1.0396 8.63 0.4498 0.0375 0.01476

1.0444 8.70 0.4520 0.0377 0.01484

Run 1l: 20 ppb bentonite, 3 ppb salt
Runs 2-9: 30 ppb bentonite

A,B,C

i

Pm

Ps

Ph

Pc

NOMENCLATURE

Vertical dimensions of experimental set-up

Core Radius
Pipe Radius
Pipe Length

Manometer pressure
Hydrostatic pressure of brine reservoir
Hydrostatic head of mud/brine over core

Pressure at core face

13B



14B

THIS PAGE

INTENTIONALLY

LEFT BLANK



APPENDIX C

CASE STUDIES

FOR ALL CASES

DEPTH = 5000 FT.

INITIAL PRESSURE = Py = 2200 PSI
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CASE I

EFFECTS OF SEALING FAULT BOUNDARIES AND WELL LOCATIONS

Group

Group
Group

Group
Groqp

Group

1,
2,

Only boundaries are varied

Same as Group 1 but with different injection well
location

Same as Group 1 and 2 but with yet another
injection well location

Same as Group 2 but with different K and h

2,

Same as Group 1 but with K and h of Group 4

Complete pressure histories for all abandoned wells
for run Case I, Group 1, No. 2
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CASE I GROUP 1

FROFERTIES OF THE DISPOSAL ZONE
XXXEXXXXXXXXXXXXXXXXEX KR K XXKXXXXX XX
COMFRESSIBILITY = 0.S00E-0S 1/FSI

PERMEARILITY = 3J00.000 ™MD '
VISCOSITY = 1.000 cr
THICKNESS = $0.0 FT

POROSITY =0.200
EXXXXXXIXIXIXXXRXXRXXXXXXAXXXIAXXXEXZ

FROFERTIES OF ABANDONED HOLES
12 P 2222302 2 2202222222200 2220020322322 22204
¥ ABANXWELLXDEFTH TO xDEPTH TOxMUD XGEL *CRITIC x
¥ WELLXDIAMXDISF ZONEXHZO ZONEXDENSITYXSTRENGTH *PRESSU X
X x IN % FT X FT *LB/GAL xLEB/100FT2x FSI X
KKK R K KK KKK KRR KX KRN KRR KKK KKK KRR KK KKK XXX K K

x 1 2 9.6x S000.00x &00.0%x 9.000x 100.00x2513. 16%
b 4 2 x 9.6x 3Z000.00x 600.0%x  9.000% 100.00%2313. 16%
3 S % 9.6x S000.00x 600.0%x 9.Q000x 100.00%2513. 16%
X 4 x 9.6%x TS000.00x% &00.0%x  9.000x% 100.00%x2T13. 16x
x S x 9.6x S000.00x &00.0%x  9.000x 100.00%x23513. 16%
X & % 9.6x S000.00x 600.0%x  9.000x 100.00x2T13. 16%
X 7 %X 9.6x S000.00x% &00.0x 9,000k 10G.00x2513. 16X
X 8 x 9.5%x S000.00x &600.0x  9.000x%x 100.00x2T13. 16X
* 9 x-9.6% S000.00x &£00.0%x 9.000x 100.00%2T13. 16X
¥ 10 x 9.46x S000.0Q00% 600.0%x  9.000x 100.00%x23513.16x%
22202220223 3303222222222 0220023022202 222200001

CUCRDINATES OF THE ABANDONED WELLS

WELL # X Y

XXXXXX FT. . FT.
1 S000.000  1S500.000
2 3000.000 1000. 000
3 4400.000 3600.000
a 6000.000 4000. 000
s &£500.000 2500. 000
& 8000.000 4000. 000
7 9000.000 2000.000
8 7800. 000 6400. 000
9 9000.000 6000. 000
10 8000.000 7000. 000

COCRDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.

INJECTION RATE

=5000.

BEBL /DAY




THOUSANDS OF FEET

vl
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N

INFINITE AQUIFER

e,

THOUSANDS OF FEET

CASE 1, GROUP 1, NO.

1

NO LEAK
K = 300.0 MD o
H= 50.0 FT 10
¢ = .200 NO LEAK.
NON-LEAKY SHALE (3 NO LEAK
TOTAL TIME = 30 YEARS (3
P = 2513.16
crit > psi
NO LEAK NO LEAK
O
G Q
NO LEAK
(@)
3
NO LEAK
o 14
Q=5000BBL /DAY 5 NO LEAK
ey o
NO LEAK 7
O
1
NO LEAK
(@)
2
s t i [} | 1 Iy 3 1 3
¥ ] 1§ ] ¥ ¥ 1 ¥ T T
1 2 3 4 5 ) 7 8 9 10

J€
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3

v

<=

NO LEAK
SEMI-INFINITE AQUIFER
180° FAULT ANGLE 010
K = 300.0 MD t, = 26.6%y
@ = 0.200 : 3 ~
NON-LEAKY SHALE
TOTAL TIME = 30 YEARS
P = 2513.16 psi
crit
' £, = 8.91y £ = 16.06y
2 ®
tL = 4,61y 6
®
.3
tL = 6.53y
. ®
Q = 5000 BBL/DAY 5 t = 15.94y
L
y2 i ®
tLﬂ 2.03y 7
@
o
2
Iy '} 3 3 IB(XJNDARY [ ' 3 1
 § 1  { 1 L | :
1 2 3 Iy 5 6 / 8 9 10

THOUSANDS "OF FEET

CASE I, GROUP 1, NO. 2
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THOUSANDS OF FEET

N

i

-

P

SEMI-INFINITE AQUIFER L, =1.95y
90° FAULT ANGLE L]
10
K = 300.0 MD t;, =1.76y
H= 50.0 FT o ¢ = 1.96y
# = 0.200 ° 8 L.
9
NON-LEAKY SHALE
TOTAL TIME = 30 YEARS
Porie™ 2513.16 psi
5 CL = .99y CL = 1.30y
e ’ ®
9 tE = .97y 6
2 L
a ®
3
t, =.99y
. L ‘
Q = sogg,nnL/nAv 5 t, = 1.35
®
t, = .96y 7
£y, = .95y 1
)
2
, , ‘ . BOUNDARY
1 ] 1 : ¥ ) } } } : N

THOUSANDS OF FEET
CASE I, GROUP 1, NO. 3

25



. tL = .93y
7+ SEMI-INFINITE AQUIFER e
45° FAULT ANGLE 10
tL a 92y
K = 300.0 MD e ..93
64 H = 50.0 FT : 8 ‘o
p = 0.200
9
NON-LEAKY SHALE
!9 54 TOTAL TIME = 30 YEARS
1.
“ P 2513.16 psi
, t. = .88y ¢ = .91y
aly | 'e s
% A € = 86y 4 6
\59?? ®
) 3
31
t. = .88y
L
. ™
Q = 5000 BBL/DAY 5 £, = .91y
2 1 ®
t, = .85y 7
J‘ .
t, = .83y 1
14 L o
2
Y Y 3 3 [ 1 BOUNDARYA Y 3 % %
L ] i R | 1} L § t | ]  § 1 § |
1 2 3 Iy 5 6 7 8 9 10

THOUSANDS OF FEET
CASE 1 , GROUP 1, NO. 4

29



THOUSANDS OF FEET

Ui

oy

N

RECTANGULAR BOUNDARY 18000 FT £, = 0.97y
! JUNDARY A INPADY e e e L = .
LENGTH = 25,000 FT BOUMDARY ®
WIDTH = 25,000 FT :
£, =0.97y
@
K = 300 MD 8 £, = 0.97y
H = 50 FT é
g = .200 9
NON-LEAKY SHALE
> >-E
& TOTAL TIME = 30 YEARS éo
2 8
= [
g P oerir” 2313:16 pat £ = 0.94y £, = 0.96y g
] e
£, = 0.93y 4 6
L
9
3
t, = 0.94y
Q = 5000 BBL/DAY ? £ = 0.96y
: [
£ = 7
L 0.92y
:
t, = 0.91y :
L
2
. BOUNDARY
' | t ' ! ' t ' } }
1 2 3 4 5 6 / 8 9 10

THOUSANDS OF FEET
CASE I, GROUP 1, NO. 5

AL



8C

CASE 1, GROUP 2

FROFERTIES OF THE DISFOSAL IONE
AXXXEEKKXKEXEKAXXXL TXXXXRXRX AN KKK
COMFRESSIEILITY = . 0.Z00E~0S 1/FSI

FERMEARILITY = 30Q0.Q0C0 MD
VISCOSITY = 1.0Q0Q0 CF
THICKNESS = S0Q.0 FT

FPOROSITY =0.200
222222232222 222 230222022303 2232288 2

FROFERTIES OF ABANDONED HOLES :
1333253232222 32 PR PR 0222220230002 222002220022 00 89
¥ ABANXWELLxDEFTH TO xDEFTH TOxMUD *¥GEL *CRITIC x
x WELLXDIAMXDISF ZONExHIQ ZONEXDENSITYXSTRENGTH XFREESSU x
X ¥ IN X FT X FT *LEB/GAL XLE/100FT2x FSI X
XK KKK KA KR KKK KA KK XX KKK KKK KKK KKK KL KK KEREK AR KKK KRR KKK KK KK
f.6x  S00O,Q00% 600,0%x F.000x% 100.00%x2513. 16%

b ¢ 1 x

X 2 %X 9.6 SOO0,.00% 600.0%x  9.000x 100.00x25137. 16X
X T X Q.86 SOQOO.00x 600.0%  9.000x 100.00%x2813. 16%
b 3 4 x 9.6% SOQ0.00x &QO. 0% 9.000x% 100, 00%x2513. 16%
X S x F.6%x SOOO.00x &Q0.0%x @, Q000X 100.Q0x25132.16%
3 & X F.6x S000.00x &HOO.0X  9.000xX 100.00x2513. 16%
X 7 x 9.6 JO0O0,00x% &00.0x Q. 000X 100.00x2512. 16%
% 8 x 9.6x SOQQ.QOx &0Q.0%x 9. 000X 100.00%x2513. 1&x%
p 3 9 % @.6x SOOO,00x% 600.0%x 9.000x 100.Q0x2513. 16
X 10 x Q.6%x TOQC,Q00x% &00.0%x  9Q,000X 100, QQx2513. 1&%
KRR X KX K KR KK KX RN AKX KK KKK AKX RN X

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

XXXAXXK © FT. FT.
1 S000. 000 1500, 000
2 J000. 000 £ 1000 .. 000
IS 4400Q.000 THO0 ., OO0
4 6000, Q00 4000, QQQ
S &500.000 2500, 000
& 80Q0., 000 4000, QOO
7 Q000. 000 2000, GO0
=] 7800.000 6400, QOO0
? F000.000 EQOOQ ., OO0
10 80C0. 000 7000, GO0

COORDINATES OF THE INJECTION WELL

X= 2Z000.000 Y= 1800.000 FT.
INJECTION RATE =S5000. EBL/DAY
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THOUSANDS OF FEET

o 5
NO LEAK
7 1 INFINTITE AQUIFER o
0
K = 300.0 MD
H= 50.0 FT NO LJAK
6 ¢ = .200 ) NO LEAK
T 0]
9
NON-LEAKY SHALE
5 Pcril:=25]’3'16 psj_
T TOTAL TIME = 30 YEARS
" NO LEAK NO LEAK
- ? O
NO LEAK § 6
()
3
3]
NO. LEAK
O
) 5 NO LEAK
i 0O
Q = 5000 BBL/DAY NO LEAK 7
J.f 0
1
1 NO LEAK
2
! i { } | } 1 i } }
1 2 3 ly 5 € 7 8 g 10 g

THOUSANDS OF FEET
CASE I, GROUP 2, NO. 1



THOUSANDS OF FEET

NO LEAK
71 SEMI-INFINITE AQUIFER o
180° FAULT ANGLE 10
NO LEAK
K = 300.0 MD
6 H = 50.0 FT o NO LEAK
7] g = .200 <3
NON-LEAKY SHALE
5. TOTAL TIME = 30 YEARS
P = )
erit 2513.16 psi
q t] =15.97y t. =26.35y
N : 2' &
£, ;8.95y 6
3 ﬁ
tL 513.82y
*
t = 27.35y
2 - L o
L
®
]_ ty, = 1.56y 1
2 ®
2
BOUNDARY
1 (' ) 3 1 ]
¥ ¥ t 1 ¥ ¥ $ } : 4
1 2 3 l 5 € 7 8 9 10

THOUSANDS OF FEET
SE 1, GROUP 2, NO. 2

201
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THOUSANDS OF FEET

t] = 1.98}’
71 SEMI-INFINITE AQUIFER ’
90° FAULT ANGLE ﬂ)
K = 300.0 MD “;.BOy
H = 50.0 FT > (, = 2.04y
61 ¢ = .200 ‘o
9
NON-LEAKY SHALE
> 1 TOTAL TIME = 30 YEARS
- ‘ o= . 6
% Porte = 271310 pat
u = = l.OOy tL - 1.43},
18 9 °
£, = 98y 6
)
3
3 n -
L = .99y
®
> t = 1.51)'
2 L
Q = 5000 BBL/DAY - t, = - 7
®
ty, = 94y 1
1. ®
2
BOUNDARY .
} 4 t 1 { } $ t i ;
l 2 3 “' 5 6 7 8 9 10

THOUSANDS OF FEET
CASE I, GROUP 2, NO, 3

11



THOUSANDS OF FEET

i

SEMI-INFINITE AQUIFER f
45° FAULT ANGLE 0
‘ L
K = 300.0 MD ® 93
H= 50.0FT 8 ‘Lo y
§ = .200 "
NON-LEAKY SHALE ,
Py, = 2513.16 psi
TOTAL TIME = 30 YEARS
tL n..88y tL = .91y
@®
4 6
t. = .88y :
"o 91
5 tL = .91y
- ]
o ®
t,, = .80y 1
®
2
BOUNDARY
4 : t ; { ; t t ' -
1 2 3 4y 5 & 7 8 9 10

THOUSANDS OF FEET
CASFE-J, GROUP 2, NO. 4

BIA



THOUSANDS OF FEET

j\\ o \\
18000 FT t, =97y
/4 RECTANGULAR AQUTFER ~~=~~BOUNDARY-==~-~ °
LENGTH = 25,000 FT £ =..97y
T o’
6l WI1DTH 25,000 FT » (L -0t
K = 300.0 MD
H= 50.0 FT
@ = .200 i
> 1 ]
g NON-LEAKY SHALE gE
83
" § TOTAL TIME = 30 YEARS £, = .95y . =.96y §§
T @ = 2513.16 psi ® PS
crit i p
t, = .93y
@
3
3]
t. = .95y
L
]
5 t. = .96y
L
2+ o
Q = 5000 BBL/DAY b = .9 :
¢
£, = .89
14 le y
2
BOUNDARY
{ $ { } f i - , ' .
1 2 3 Iy 5 £ 7 8 9 10

THOUSANDS OF FEET
CASE T, GROUP 2, NO. 5

T
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CASE I, GROUP 3

FROFERTIES OF THE DISFOSAL ZONE
AERXEEKKERXER KKK AR LKA LK REXX KRR KKK X

COMFRESSIBILITY = 0.3S00E-QS 1/FSI
FERMEARILITY = Z00Q.000 MD
VISCOSITY = 1.000 CF
THICKNESS = 5Q.0 - FT

FORCSITY =0.200
XXXEXXX XX EX XXX XRL XK KKK K AR AAXAXXIAX

FROFERTIES OF ABANDONED HOLES
KXKXEKKKKEKKKKKKKEKKKEKK AKX KKK KKK KK KKK KKK KK KKK KK XKKKKXRKX
X ABANXWELLXDEFTH TO %DEPTH TOxMUD *GEL *CRITIC «x
¥ WELLXDIAMXDISF ZONEXHZO ZONEXDENSITYXSTRENGTH *FRESSU X
X x IN x- FT X FT *LB/GAL xXLE/1QOFTZXx PSI %

KEKKKKEKKKKKKKEKKKEKKKKKKE KK KK KKK KKK KKK KE KRR K KKK KKK KKK KK KK
100, 00x2513. 16%

x 1 % 92.6%x S0O00,00x% &00.0% 9Q.000X

X 2 % 9.6x  SO0O.0Q0X &OO. 0%  9.000x% 100, 00%x23513.16%
X T X 9.6%x S000.00x 600, 0% F,.000GX 100,00%x2313, 16%
b < 4 x 9.6% SO0Q.O00X% 00, 0% 9,000 100, 00x25135. 16%
X I x 9.6% S000.00x E0Q.0% 9,000k 100.00%x2513. 16%
X & x Q.6%x  SOQOQ,Q0X &OV. 0% 9, 000X% 100,00%x323513.16%
b4 7 % 9.6%  SO00,00x 6Q0.0x  2.000% 100.00x2S512. 16%
% B x 9.4% S000.00x% 600.0%  9.000% 100, 00%x2T132. 16X
X G x F.6%X SC0O0,00x 600.0x . 9,.000x% 100.00x2313.16% -
¥ 10 x 9.6% S000.00x% &00.0%x  F.000X 100.00%x2513Z. 16%
KK KRR R KRR R KRR KK KKK KKK KKK KK KRR KKK RRKX

COORDINATES OF THE AEBANDONED WELLS

WELL # X Y
XEXX KX FT. ) FT.
1 S00Q. 000 1S00.000
2 000,000 1000, Q00
= 4400, Q00 ZH00Q,. Q00
4 &OQQ, QOO0 4000, QOQ
] &S00, 000 2500. 000
) 8000, 000 4000, 000
7 SQOQOOQ ., DO 2000, 000
8 7800, QOO0 L3OO, OO0
< QOOQ, QOO LOOOQ ., QOO
10 SQ0Q . QOO0 7000, Q00

COORDINATES OF THE INJECTION WELL

X= &OOQ., QOO Y= ZQOQ., 000 FT.
INJECTION RATE =3000Q. EBRRL/DAY




THOUSANDS OF FEET

PN

"

NO LEAK
INFINITE AQUIFER ?0
K = 300.00 MD NO LEAK
H = 50.00 FT (o)
K
o - 200 2 NOOLEA
NON-LEAKY SHALE 9
Poric = 2513.16 psi
TOTAL TIME = 30 years
NO LEAK NO LEAK
@) O
NO LEAK 4 6
O
3 Q = 5000 BBL/DAY
NO LEAK
O
> NO LEAK
, (o]
NO LEAK 7
NO LEAK (2)
o)
2
¢ 2 : ! : ; ; : ; ;
7
1 2 3 4 5 6 / ] 9 10

THOUSANDS OF FEET

CASE I, GROUP 3, NO. 1
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/ e, = 22.71y
[ ]
‘1 SEMI-INFINITE AQUIFER 10
180° FAULT ANGLE b = 18.33y
® .
6 K = 300.00 MD 8 b, = 20.04y
H= 50.00 FT ®
$ = .200 9
E NON-LEAKY SHALE
w5
S Poric = 2513.16 psi
)
TOTAL TIME = 30 years
%q ty, = 3.48y ty, = 8.10y
3 ¢ ®
= 5.77y '
= t, = S y 4 6
3 Q=5000 BBL/DAY
3
. CL = 1.95)'
?
2 ty, = 9.18y
t, = 4,14y ?
Y .
£y = 8.98y 1
1 (]
2
, BOUNDARY
n M ¥ + + )
1 2 3 4 5 § / 8 9 10

THOUSANDS OF FEET
CASE 1, GRouP 3, NO. 2




e

1

THOUSANDS OF FEET
=

£, =1.88y
T  SEMI-INFINITE AQUIFER ®
90° FAULT ANGLE 10
tL fd 1.66y
K = 300.00 MD o
H= 50.00 FT 8 tL ‘1'8” :
$ = .200 9
NON-LEAKY SHALE
Pcrit = 2513.16 psi
>
TOTAL TIME = 30 -
é 3 years tL .9By t‘L = 1.03},
-q-g . .
£y =-99y A 6
®
3 0 = 5000 BBL/DAY
k= .97y
©®
3 ¢ = 1.16y
1 L. .
tL = 98y 7
¢
tL = 99y
T ®
2
BOUNDARY
1 i Fy 'S ] 1 Y 3
{ { t 1 1 1 t i } +
1 2 3 Iy 5 6 7 8 9 10

THOUSANDS OF FEET
CASE 1, GRouP 3, NO. 3

AT



"

THOUSANDS OF FEET
=

N

81

i t = .93y
]
SEMI-INFINITE AQUIFER 10
45° FAULT ANGLE t, =.92y )
® t. =.93y
R 8 L -
K = 300.00 MD ®
H= 50.00 MD 9
# = .200
: NON-LEAKY SHALE
Pcrit = 2513.16 psi
Y
TOTAL TIME = 30 years Qéﬁ} tL = .88y t, =.91y
O 2l L é®
tL =.87y 6
Q = 5000 BBL/DAY
tL = 87y
K
I:L = .91y
®
tL = .88y 7
o
1
BOUNDARY
: : : = : 1 Pl % 3 1
¥ L | 1} L g
7
1 2 3 4 5 6 / 8 9 10

THOUSANDS OF FEET
CASE T, GROUP 3, NO. 4




N

1

THOUSANDS OF FEET
=

W

LS

18000 ¥T

= .97y
RECTANGULAR AQUIFER  ~ BOUNDARY————= ®
LENGTH = 25000 FT 10
WIDTH = 25000 FT = .96y
® =
K = 300.00 MD 8 ty, = .97y
H = 50.00 FT ®
@ = .200 9
NON-LEAKY SHALE
Porir = 2513.16 psi
>~ >—E
EE t, = .93 t. = .9 £éc:o
% TOTAL TIME = 30 years L= 7Y L™ 88
g ® ® 337
tL = ,94y 4 ~
. l
3 Q = 5000 BBL/DAY
£, = 92y
]
AL > t, = .95y
-]
L, = .93y 7
@
t, = .94y 1
T ®
2
————— BOUNDARY ———=~
t t { $ f $ { { } ¢
1 2. 3 I 5 6 7 HH g9 10

THOUSANDS OF FEET

CASE I, GROUP 3, NO. 5

261
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CASE 1, GROUP 4

FROFERTIES OF THE DISFOSAL ZONE
L2352 2322223223052 2020222200222 2 09
COMFRESSIRILITY = 0.S00E-Q0S 1/PSI
FERMEABILITY = 100.000 MD
VISCOSITY = 1.000 cP
THICKNESS = 300.0 FT
POROSITY =0.200
2222222202+ 20030323 323322222222 4822 3

PROFPERTIES OF ABANDONED HOLES
b 22202 PPt 2200322202800 0200022025 022202 2201
X ABANXWELL XDEPTH TO XDEPTH TOxMUD xGEL 2CRITIC x
¥ WELLXDIAMXDISP ZONEXHZO ZONEXDENSITYXSTRENGTH XxFRESSU X
b 4 ¥ IN % FT X FT *L_B/GAL XLB/10QFTI%x PEI X
1222222022200 202 2200200220323 0222203220220 322020320203
.6%x S000.00x 600.0%x 9.000x 100.00x2T13. 16%

X 1 x

X 2 % 92.6% S000.00x 600.0%x 9.000% 100.00%x25135. 16%
X 3 % ?.6% S000.00x 600.0% 9.000x 100.00x2513. 16X
X 4 x 9.6%x S000,00x% 600.0%x 9.000% 100.00%x2513.16%
X S x F.6x T000.00x 6Q0.0%x 2.000x 100.00x2513. 16%
X 6 X 9.6x S000,00x 600.0%x S.000x% 100.00%Z513. 16X
X 7 * 9.6% S000.00x% 600.0%x Q.0QO0% 100.00%2513. 16%
X B x 9.6% SOQO0,.00x 600.0%x 9.000x 100.00%2513. 16%
X 9 x F.6% S000.00%  600.0%x F.000x 100.00%x2513. 16x
X 10 x 9.6%x 5000,.00x% 600.0%x 9.000x% 100.00%x2Z5135. 16X
L2222 2000222222323 202002322223 020232000205 3220205252230 2¢3

COORDINATES OF THE AEBANDONED WELLS

WELL # X Y

XXRKXX FT. FT.
1 S000.000 1500. 000
2 Z000. 000 1000. 000
3 4400.000 T600. 000
4 6000.000 4000.000
s &6500. 000 2500. 000
I 8000. 000 4000. 000
7 9000. 000 2000. 000
8 7800.000 &£400.000
9 9000. 000 6000. Q00
10 8000.000 7000.000

COORDINATES OF THE INJECTION WELL

X= 200Q.000 Y= 1500.000 FT.
INJECTION RATE =5000. BEL/DAY




THOUSANDS OF FEET

NO LEAK
INFINITE AQUIFER
Qo
K = 100.0 MD
H = 300.0 FT NO %&AK
g = .200 NO LEAK
8 o
NON-LEAKY SHALE .
P = 2513.16 psi
crit o1 ps
TOTAL TIME = 30 YEARS
NO LEAK NO LEAK
O (8]
NO LEAK 4 6
()
3
NO LEAK
Q
NO LEAK
0]
Q = 5000 BBL/DAY NO LEAK 7
?
NO LEAK
(@)
2
} } t } } } 1 { } }
1 2 3 4 5 € 7 8 9 10

THOUSANDS OF FEET

CASE I, GROUP 4, NO. 1

J1¢



THOUSANDS OF FEET

7 SEMI-INFINITE AQUIFER NO LEAK
¥ '180° FAULT ANGLE (}0
K = 100.0 MD NO EFAK
H = 300.0 FT WO LEAK
6 - § = .200 8 !
9
NON-LEAKY SHALE
P = 2513.16 pgi
5 -1 crit p
TOTAL TIME = 30 YEARS
R 0 o
NO LEAK. 4 6
.0 .
3
3 .
NO LEAK
0]
5 . NO LEAK
2 - o
Q = 5000 BBL/DAY NO LEAK 7
(o]
NO LEAK 1
1 0
BOUNDARY )
i I i 3 { 1 M N \ .
| ] ¥ ¥ ] ¥ ¥  §  § ¥ 1 4
1 2 3 Iy 5 & 7 8 9 10

THOUSANDS OF FEET
NI, GROUP 4. NO. 2

J2e



P i
J

THOUSANDS OF FEET

7 SEMI-INFINITE AQUIFER NO LEAK
T 90° FAULT ANGLE (o)
10
K = 100.0 MD NO LEAK
H = 300.0 FT
6- p = .200 8 NO LEAK
NON-LEAKY SHALE o
5 1 Pcrit= 2513.16 psi
. TOTAL TIME = 30 YEARS
%
l % NO LEAK NO LEAK
-_‘8 O 0
NO LEAK 4 6
(@)
3
34
NO LEAK
0
) 3 NO LEAK
A1 O
Q = 5000 BBL/DAY NO LEAK 7
?
1 c,’a 13.73y
Bournary
! i } } } ! } } }
1 2 fl 5 & 7 8 9 10

THOUSANDS OF FEET
CASE I, GROUP 4, NO. 3

A



THOUSANDS OF FEET

/
SEMI-INFINITE AQUIFER L .5'93y
45° FAULT ANGLE ®
K = 100.0 MD '3'3"”
H = 300.0 FT 8 € = 6.14y
6 p = .200 Le
9
NON-LEAKY SHALE
™ . i
51 B, =2513.16 ps
TOTAL TIME = 30 YEARS
Ll t = 4.20y
6
3]
£, = 4.47y
21 ?
Q = ;00 BBL/DAY ¢ = 1.49y
Le
= 1.00 1
] € y
. 9
2
BOUNDARY |
N { t 4 ! i " t } +
1 2 3 I 5 € 7 8 9 10

THOUSAMDS OF FEET
CASE T.,220UP 4, NO. 4

ve



CASE I, GROUP 5

PROFERTIES OF THE DISFOSAL ZONE
P33 240323222822 222 0322222222222 5% 2

COMFRESSIBILITY = 0.S500E-Q3 1/PSI
PERMEABILITY = 100.000 MD
VISCOSITY = 1.000 cr
THICKNESS = 300.0 FT

POROSITY =0.200
1233323323 02832232232 2223222222022 2

FROFERTIES OF ABANDONED HOLES
b33 2202232053222 02 032002025300 222222302 223322222222 230 2298
¥ ABANXWELLXDEPTH TO DEFPTH TOXxMUD XGEL *CRITIC X
X WELLXDIAMXDISF ZONEXH20 ZONEXDENSITYXSTRENGTH *xPRESSU X
X T IN x FT X FT XLB/GAL *LB/100FT2x PSI X%

12+ 222200222022 00020 2022002200222 0 2220000202222 22 200523
100.00%2512. 16X

X 1 x 9.6% S000.00x &600.0x F.000x

X 2 % 9.6x S000.00% 600.0x <2.000x% 100.00%x2513. 16%
X S X 9.6x S000.00x% &00.0x 9.000x 100.00x2513.16x
4 4 x 9.46%x S000.00% 600.0x 9,000x 100.00x2513. 16%
X S x 9.6x 5000.00x -&00.0%x  9.000x 10G.00%2513. 1462
4 6 x 9.6 S000.00x 600.0x 9.000x 100.00%2Z313. 16X
x 7 %X 9.6 S5000.00x% &600.0x  9.000x% 100.00x2513. 1&6%
X 8 x 9.6%x S000.00x% 600.0x 9.000x% 100.00%x2513. 16X%
X ? x 9.6%x S000.00x 600.0x 9,000x 100.00%x2513.16% .
X 10 x 9.6x S000,.00x 600.0x  F.000x 100.00x2513. 1 6%
1332223222050 20222 502232202238 232050352022 232202220252 259

COORDINATES OF THE AEANDONED WELLS

WELL # ' X Y

XEXXXX FT. FT.
1 5000. 000 1500.000
2 3000.000 1000.000
3 4400.000 3600. 000
4 &6000. 000 4000. 000
5 £500. 000 2500. 000
& 8000. 000 4000.000
7 9000. 000 2000. 000
8 7800. 000 6£400. 000
9 F000. 000 6000, 000
10 8000. 000 7000. 000

COORDINATES OF THE INJECTION WELL

X= 4000.000

Y= 2000.000 FT.
INJECTION RATE =5000. BEL/DAY



7 1 INFINITE AQUIFER NO ?LEAK
0
K = 100.0 MD
H = 300.0 FT NO J.EAK
6 ¢ = .200 ‘8 NOC;EAK
NON-LEAKY SHALE 9
PCI‘it = 2513.16 psi
5 1 TOTAL TIME = 30 YEARS
m
.
& NO LEAK NO LEAK
84 7 o o
g NO LEAK 4 6
a3 o)
= 3
3 -
NO LEAK
Q = 5000 BBL/DAY NO LEAK
2 ¢ o)
NO LEAK 7
O
NO LEAK 1
1+ o
2
t t t t i t t t t +
1 2 3 Iy 5 6 / 8 9 10

THOUSANDS OF FEET

CASE I, GROUP 5, NO. 1

392



F FEET

THOUSANDS

i

Pomney
——

N

SEMI-INFINITE AQUIFER . NO LEAK

180° FAULT ANGLE
90

K = 100.0 MD ' NO LEAK

H = 300.0 FT (@)

g = .200 8 NO LEAK

O
NON-LEAKY SHALE ?
TOTAL TIME = 30 YEARS
P = .
crit 2513.16 psi
NO LEAK NO LEAK
O o)
NO LEAK 4 6
O
3
NO LEAK
O
Q = 5000 BBL/DAY 5 NO LEAK
NO LEAK
0O
1
NO LEAK
O
2
BOUNDARY
\ ‘ ‘ ‘ f ! ' : ) "
10

1 2 3 i 5 6 7 8 9

THOUSANDS OF FEET
CASE I, GROUP 5, NO. 2

aLe



THOUSANDS OF FEET

W

v

Ponan
—

SEMI-TNFINITE AQUIFER NO LEAK
90° FAULT ANGLE 0O
10
K = 100.0 MD NO LEAK
P 3000 FT ? NO LEAK
. O

NON-LEAKY SHALE 9

TOTAL TIME = 30 YEARS

Pcrit = 2513.16 psi
>
g NO LEAK

NO LEAK
3 Q
NO LEAK
O
3
NO LEAK
Q = 5000 BBL/DAY NO LEAK
t;, = 28.0%y ?
® _
b, =23.17y 1
®
2
BOUNDARY
t t t } J t t t } +
1 2 3 Iy 5 6 7 8 9 10

THOUSANDS OF FEET

CASE 1, GROUP 5, NO. 3

J8¢



THOUSANDS OF FEET

SEMI-INFINLITE AQUIFER g 5.90y
7 + 45° FAULT ANGLE ?
: 0
K = 100.0 £ =2‘31y
H = 300.0 b =11
6+ $ = .200 8 L y
9
NON-LEAKY SHALE
5 TOTAL TIME = 30 YEARS
| P = 2513.16 psi
crit =\
\&
- 2 L‘
@
3
31
tL =2.53
. ? y 4
Q = 5000 BBL/DAY £ = 4.4ly
2 1 @
@
t;, = 1.05y 1
14 ’
BOUNDARY
: : ‘ ’ ’ ’ i = : '
1 2 3 4 5 6 7 8 9 10

THOUSANDS OF FEET
CASE I, GROUP 5, NO. 4



18000 FT

7 RECTANGULAR AQUIFER . BOUNDARY —=——- t;, = 5.34y
T LENGTH = 25,000 FT
WIDTH = 25,000 FT 10
t =.5.24y
K = 100.0 -
64 H = 300.0 8 tL. 5.34y
¢ = .200 ' 5
NON-LEAKY SHALE
EI 54 Popir = 2513.16 psi
L} >  TOTAL TIME = 30 YEARS b
5 |3 i | .
o q g tL 4.57y tL = 4.96y g
= [° ° o 2%
& ty, = 4.13y 6
3 ®
= 3 3
t = 4.43y
L
- S
0 = 5000 BBL/DAY t. = 4.99y
-l L )
L = 3.77%y 7
‘1
1 £ ;3.61
BOUNDARY
= : ! = t ) i t } }
12 3.4 5 6 7 8 9 10

THOUSANDS OF FEET
CASE T, GROUP 5, NO. 5

(T?\ ‘ {7T\

20¢
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CASE I GROUP 6

FRESSURE HISTORIES
AT ABANDONED WELLS
CASE 1, GROUP 1, NG, 2

13233232233 3333 2333333323323 322 3233333302322 202022302 2228223202222 3382232322220

TINE UELL NUMERER
_ (PRESSURES IN FSI) .
2223222232223 3233333332333333332333333223323230333222833323352333323332031
YEARS 1 2 3 4 5 6 7 8 ) 10
1.0 2480.0 247S.S 2441.5 2410.6 2425.0 2383.1 2383.4 2359.5 2354.0 23I52.1
2512.6 2508.1 2474.0 2443.0 2457.5 2415.4 2415.7 2391.7 2386.1 2384.1
2531.6 2S27.2 2493.0 2462.0 2476.6 2434.4 2434.7 2410.6 2405.0 2403.0
2545.2 2540.7 2506.5 2475.5 2490.1 2447.9 2448.2 2424.0 2418.4 2416.4
2555.7 2551.2 2517.0 2486.0 2500.6 2458.3 2458.7 2434.5 2428.9 2426.9
2564.2 2559.8 2525.8 2494.6 2509.1 24466.9 2467.2 2443.0 2437.4 2435.4
2571.5 2567.0 2532.8 2501.8 2S516.4 2474.1 2474.5 2450.3 2444.7 2442.6
2577.8 2573.3 2539.1 2508.1 2522.7 2480.4 2480.7 2456.5 2450.9 2448.9
2583.3 2578.9 2544.6 2513.7 2S528.2 2485.9 2486.3 2462.1 24546.5 24S54.4
2588.3 2583.8 2549.6 2518.6 2533.2 2490.9 2491.2 2467.0 2461.4 2459.4
.0 2592.8 2588.3 2554.1 2523.1 2537.7 249S5.4 249S.7 2471.5 246S.9 2463.9
12.0 2596.8 2592.4 25S8.2 2527.2 2541.7 2499.5 2499.8 247S.6 2470.0 24467.9
13.0 2600.6 2596.2 2561.9 2530.9 2545.5 2503.2 2503.46 2479.3 2473.7 2471.7
14.0 2604.1 2599.7 2565.4 2534.4 2549.0 2506.7 2507.0 2482.8 2477.2 247S.2
15.0 2607.3 2602.9 2568.7 2537.7 2552.2 2510.0 2510.3 2486.1 2480.4 2478.4
16.0 2610.4 260S.9 2571.7 2540.7 2555.3 2513.0 2513.3 2489.1 2483.5 2481.S
17.0 2613.2 2608.8 2574.6 2543.6 2558.1 2515.8 2516.2 2492.0 2486.3 2484.3

18.0 2615.9 2611.5 2577.2 2546.3 2560.8 2518.5 2518.9 2494.46 2489.0 2487.0
19.0 2618.5 2614.0 2579.8 2548.8 2563.4 2521.1 2521.4 2497.2 2491.6 2489.5
20.0 2620.9 2616.4 2582.2 2551.2 2565.8 2523.5 2523.8 2499.6 2494.0 2491.9
21.0 2623.2 2618.7 2584.5 2553.5 2568.1 23527.8 2526.1 2501.9 2496.3 2494.2
22.0 262S.4 2620.9 2586.7 2555.7 2570.3 2528.0 2528.3 2S04.1 2498.5 2496.4
23.0 24627.5 2623.0 2588.8 2S57.8 2572.4 2530.1 2530.4 25046.2 2500.5 2498.5

24,0 2629.5 2625.0 2590.8 2559.8 2S74.4 2532.1 2532.4 2508.2 2502.5 2500.9
25.0 2431.4 2626.9 2592.7 2S561.7 2576.3 2534.0 2534.3 2510.1 2504.5 2502.4

26.0 2633.2 2628.8 2594.5 2563.6 2578.1 2535.8 2536.2 2511.9 2506.3 2504.3
27.0 2635.0 2630.6 2596.3 2565.3 2579.9 2537.6 2537.9 2S513.7 2508.1 2504.1
28.0 2636.7 2632.3 2598.0 2567.0 2581.6 2539.3 2039.7 2515.4 2509.8 2507.8
29.0 2638.4 2633.9 2599.7 2568.7 2583.3 2541.0 2941.3 2517.1 2511.4 250%.4

30.0 2640.0 2635,5 2601.3 2570.3 2584.9 2542.6 2542.9 2518.7 2513.0 2511.0
L2 22222222 2220222 22022222222 222222 3222222002202 222203232222222 32222302308

L " e % g & 4
COO0O0OO0O0O 00O

*
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OOV OYOUY DL N



32C

Group 1,

Group 2,
Group 3,

Group 4,

CASE IT
EFFECTS OF ABANDONED WELL PARAMETERS

Only boundaries are varied, P = 2668.9 psi

crit
erit = 2409.16 Psi, "box"
houndaries omitted (all leaked early)

Same as Group 1 but with P

rit = 2322.58 Psi and a

different injection well location

Same as Group 1 but with Pc

Two examples same as Case I, Group 1, No. 1 but

with a leaky shale aguiclude and P R values of
crit

2365.87 and 2409.16 Psi respectively
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CASE II, GROUP 1

FROFERTIES OF THE DISFASAL ZONE
XXXXXX KKK XXX KEXRKKK KX RE XXX XKXKKX K KA XX

COMFRESSIBILITY = Q.S0Q0E-0OT 1/FGI
FERMEABILITY = J00.000 ™MD
VISCOSITY = 1.000 CF
THICKNESE = S0.0 FT

POROSITY =0.200
P22 P P22 2220220200020 0 8 R

FROFERTIES OF AEBANDONED HOLES
XK K KKK KKK KKK KKK KKK KKK KR KK KKK KKK KKK KKK K KKK KKKKKKKK
¥ ABANXWELLXDEFTH TO %DEFTH TOXMUD XGEL ¥*CRITIC x
¥ WELLXDIAMXDISF ZONExHZO ZDNEXDENSITY*STRENGTH XFRESEU x
X ¥ IN x FT X FT = xLB/GAL XLEB/100OFTZXx FSI X
EEXKKKKKKKKEKKKXXKEK KK KKK K KI K KRR KK KKK KKK KK RERE KR KK KKK LXK

X 1 x 9.6 S0O0O.00X% &00.0x 8.600x% Z250.00x2668.90x%
X 2 X F.6% SO0, 00x 600.0x 8. 600% 250.0@#2&68.90*
X 3 x 2.,6% S000.00x% 600.0% E8.600% S0.00%X26468.90%
X 4 % F.6% SO00.00X% 600.0% 8.600x S0.00%2668. 0%
X S x 9.6% SO0Q.00X% 600.0% 8.600x% 250.00*26&8.90*
S 3 6 % F.6% SO00.00% &00.0% 8. 600x 220.00%2668. 70%
(L7 x 7 x 9.6% S000.00% 600.0% 8.5600%  250.00%X2668. 90X
e X 8 x F.6% S000,.00% &00.0x  8.4600% 2S0.00%2648.20%
x ? x P.6% SQO0.00x% 600.0%x 8.600%  250.00%x2668.90%
X 10 % F.6% S000,00x 600.0%x 8. 600 2T0.00%26468.20%
EXEKERK R KKK KX KKK KRR LRI KK R KKK KKK KKK KKK KKK KRR X

COORDINATES OF THE ABRANDONED WELLS

WELL # X Y

EXXXXX FT. ' FT.
i SO00. 000 1500, Q00
2 J000, 000 1000.000
3z 4400, 000 T6L00. 000
4 &Q00, 000 4000, Q00
= LESO0., OO0 2500, Q00
& 8000, 000 4000, OO0
7 FOOQ, Q00 2000, 000
8 7800.000 &400. 000
9 FOOO. 000 000 . QOO0
10 8000, 000 7000, 000

COORDINATES OF THE INJECTION WELL

X= 6000.Q000 Y= J000.000 FT.
INJECTION RATE =5000. BEL/DAY

T



THOUSANDS OF FEET
= |

N

NO LEAK
INFINITE AQUIFER ?h-
NO LEAK
K = 300.00 MD o
p = .200 o
9
NON-LEAKY SHALE
Porit = 2668.90 psi
TOTAL TIME = 30 years
NO LEAK NO LEAK
0] (o)
NO LEAK 4 6
?
0=5000 BBL/DAY
NO LEAK
6]
5 NO LEAK
(0]
NO LEAK 7
(o)
NO LEAK _ 1
(o]
2
: : i * + t t : : '
7
1 2 3 4 5 6 7 8 9 10

THOUSANDS OF FEET

CASE II, GROUP 1, NO. 1
{7?\

oPe



THOUSANDS OF FEET

ey

(S

[ o

N

NO LEAK

O
SEMI-INFINITE AQUIFER 10
180° FAULT ANGLE NO LEAK
O :
K = 300.00 MD 8 NO LEAK
H = 50.00 FT 0]
¢ = .200 9
NON-LEAKY SHALE
P .rit = 2668.90 psi
TOTAL TIME = 30 years NO LEAK NO LEAK
O 0
NO LEAK 4 6
(0]
3 Q = 5000 BBL/DAY
NO LEAK
0]
5
NO LEAK
(0]
NO LEAK 7
NO LEAK s?
o]
2
BOUNDARY
r4
1 2 3 I 5 6 7 tH g9 10

' THOUSANDS OF FEET
CASE 11, GROUP 1, NO. 2

J5¢



THOUSANDS OF FEET
= "

N

SEMI-INFINITE AQUIFER
90° FAULT ANGLE

-1 K = 300.00 MD
H = 50.00 FT
g = .200

NON-LEAKY SHALE

P.rit = 2668.90 psi

35- TOTAL TIME = 30 years £, = 3.17y =
2 e @
jo ) tl = 3.59y 4 6
R ‘@
3 0 = 5000 BBL/DAY
t, = 2.39y
L
$
= 6,15y
®
ty, = 3.07y 7
@
£ o= 3.77y 1
1 ‘9
2
BOUNDARY
} i t } } } t t } b
1 2 3 I 5 6 7 H 9 10

THOUSANDS OF FEET

CASE 11, GROUP 1, NO. 3

J9¢



-
=

THOUSANDS OF FEET

\

L= .99y
SEMI-INFINITE AQUIFER ’0
45° FAULT ANGLE 98
.Joy
K = 300.00 MD L
£, = .99
H = 50.00 FT 8 Lo y
¢ = .200 9
NON-LEAKY SHALE
Pcrit = 2668-90 pSi .
TOTAL TIME = 30 years
= .93y g, = .96y
L ()
. 4 6
$
Q = 5000 BBL/DAY
tL = .93)’
®
5 £ty = 97y
o
tI = .93y 6
®
1
BOUNDARY
‘ ‘ ‘ t 4 4 t = : '
7 .
1 2 3 4 5 6 7/ H 9 10

THOUSANDS OF FEET
CASE 1I, GROUP 1, NO. 4

JLE



THOUSANDS OF FEET

(&

o
L

18000 FT C o= 1.23
————— BOUNDARY =~~~ oy
- RECTANGULAR AQUIFER ®
LENGTH = 25000 FT 10
WIDTH = 25000 FT £, = 1.19y
®
A K = 300.00 MD 8 t, = 1.22
H = 50.00 IT ®
p = .200 9
NON-LEAKY SHALE
Popir = 2668.90 psi 1
TOTAL TIME = 30 years »
o t, = .99y t, = 1.07y &L
| & ® 1! =
8 £, = 1.00y 4 S
3 ' g7
m m
Q = 5000 BBL/DAY ‘
t; = .98
L - 70y
®
) 5 ty, = 1.09y
t, = .99y ’
@
1
t;, = 1.00y
- ®
2
BOUNDARY
} } } } } } } } } L
' v
1 2 3 ly 5 1) 7/ ] 9 10

THOUSANDS OF FEET
CASE I, GROUP 1, NO. 5

J8¢



-
re
4

THOUSANDS OF

(S}

NO LEAK
INFINITE AQUIFER : f% .
K = 300.00 MD NO LEAK
H= 50.00 FT - Cg NO LEAK
@ = .200 o
9
NON-LEAKY SUALE
Porit = 2409.16 psi
TOTAL TIME = 30 years
£, = 4.65y t;, = 23.27y
e ®
b, = 13.59 4 6
@
3 Q = 5000 BBL/DAY
tL = 2.33y
®
5 NO LEAK
g, = 15.13y 9
L
NO LEAK 1
1 2 3 4 5 6 7 8 9 10

THOUSANDS OF FEET
CASE II, GROUP 2, NO. 1

J6¢



THOUSAND3S OF FEET

M

No

t, = 2.48y
SFMI-INFINITE AQUIFER ¢
180° FAULT ANGLE 10
tL = 2.00y
K = 300.00 MD ®
= 50.00 FT “Le 219
g = .200 9
NON-LEAKY SHALE
Porit = 2409.16 psi
TOTAL TIME = 30 years
tL = .98y tL = 1.00y
® ®
tL = .99y 4 6
® .
3 Q = 5000 BBL/DAY
t, = .97y
L
®
5 CL = 1,00y
t. = .98y ’
L
®
£, = 1.00y 1
BOUMDARY
: : : : | i : : ' '
, ‘
1 2 5 ly 5 6 / H 9 10

THOUSANDS OF FEET

CASE II, GROUP 2, NO,

2

4

0t



THOUSANDS OF FEET

\

<

W

L= .98y
SEMI-INFINITE AQUIFER o
90° FAULT ANCLE 10
= ,98y
K = 300.00 MD 6 [ =
U= 50.00 FT 8 L ° .98y
§ = .200 9
NON-LEAKY SHALE
P.pip = 2409.16 psi
TOTAL TIME = 30 years
> =
% tL = ,9[.y tL = .96y
TE ® K
a t, = .94y 6
;M o
3 Q = 5000 BBL/DAY
tL = .93y
®
5
t =,
4 L 96y
t, = .94y
*
4,
T ®
2
BOUNDARY
} } } { } t t } $
1 2 3 I 5 6 / S 9 10

THOUSANDS OF FEET

CASE II, GROUP 2, NO. 3

1t
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CASE II
( PROFERTIZES OF THE DISFOSAL ZONE
o P E PP P22 2P TIPS IT LTS ST LN
COMFRESSIBILITY = 0.SO0QE-3S 1/FEX
FERMESRILITY = Z00.0Q0 MO
VISCOSITY = 1.000 c=
THICKNESS = 3Su0.0 FT
POROSITY =0.200
KRR KKK KAKK KKK RKKXRRARRIRRKLKK
FPROPERTIEEZ OF THE FRESH WATER ZONE .
KARER A ALK RKK KK KL XA KA KRE X IR K
COMFRESSIBILITY = 0.100E-34 1./FEI
FEAMESBILITY = Z0.000 MD
VIECISITY = 1.000 cr
THICKNEZS = ZSu.0 FT
FCROSITY =0.200
FROFERTIESZ OF THE SHALE LAYER
KRRERKKAKRERIRXRRRIAREAKLRRNX
SHALE FERMEABILITY =0.10000E-0Z MD
SHALE THICKNEZSE = 1.00000 FT7T

7 PROFERTIEEZ OF AEBANDONED HOLZEES
&w, P PP P et P E Tt Pt T E L Tt LT et 2 et e P P Pt T S P PP C P P e P TS E T S T o S E
X ABANXWELLXDE=STH TO *DE=TH TO%MUD XGEL ¥KCRITIC X
¥ WELLX¥DIAMXDICSF ZONEFHZIO ZONEXDENESITYXESTRENGTH ¥FREZSU %
X ¥ IMN X FT X FT ¥LB/GAL XLEBEALOOFTZ2X  FPZSI X
PP E P LS F I EFF S FSEE I TR TFT TSI TSI T LT LIS TS S TSS9
X 1 X 2.6%x Z000.00x% SOC.0%  B8.500x% TES.O0X2TES.ETX
X 2 X Q.6%k  SO00,.00XK &U0.0%  8.&800X TS.O0X2TES.8T%
X T % 9.8k SOQ0.00% &OO. 0% Z.H500X% TS.O0XTTEE.LETX
* 4 x 2.86% Z0O0Q.Q0K &00,.0% 8.&00% TS.00K2TEST.ETX
X S X Q.6 Z0O0Q.00% 600.0%X 8.800% TS.O0KZTE&E.STR
X & X .6k SOO0.00X &O0Q. 0%k 8.600% 73.00%2T86ST.8T7%
X 7 % Q.86% ZSOO0.00% E00.0K  8.600X% TS.O0XZ2TEET.E7K
X 8 X F.&6% SOO0.00% &00,.0% 8.&600% TS.00X2TEELETR
X ? X Q.8% ZQ00.0Q0% EO0D.0%  3B.&600% TS.OORTTEE.ETR
¥ 10 ¥ Q.8% SO00.00% &OQ. 0% B.&UOXK 7S.00%XITET.8T)
L EFESFIF S F PP T EI S e F T ETFE S P SISF I LTI LE TS EIFT S P F TS &
COORDINATES OF THE AEBANDCONED WELLS
WELL # X Y
b FEEF & FT. FT.
1 S000. 000 13500, 000
2 000,000 1000, 000
3 4400.000 TE00, 000
- 4 &O00, 000 4G0O0, Q00
S s &S00, 000 L 200,000
& E0QQ. QU0 4000, 000
7 FOQO. 000 2000, 000
g 7800.000 5400, 000
? FOOO., GO0 SO0 D00
10 QoW NOIG TOOWS S0





